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INTRODUCTION: 


Principal  Investigator:  Weaver.  Valerie  M.  Ph.D. 


Apoptosis  resistance  regulates  the  pathogenesis,  and  treatment  response  of  breast  tumors. 
Despite  concerted  effort  towards  understanding  the  molecular  basis  for  apoptosis  resistance  in  breast 
tumors,  progress  in  this  area  has  been  frustratingly  slow.  Lack  of  advancement  may  be  attributed  in  part 
to  the  current  cell  autonomous  view  of  breast  cancer  etiology  and  treatment  responsiveness.  What  we 
now  know  is  that  the  organ  microenvironment  can  and  does  regulate  the  therapeutic  responsiveness  of 
metastatic  tumors'’^,  and  that  stromal-epithelial  interactions  influence  mammary  gland  development, 
tissue  homeostasis  and  breast  tumor  progression^.  Alterations  in  the  mammary  gland  ECM  correlate 
with  changes  in  mammary  differentiation,  involution  (apoptosis)  and  tumor  progression,  and  culture 
experiments  clearly  show  that  the  stromal  ECM  can  modulate  mammary  epithelial  cell  (MEC)  growth, 
differentiation  and  survival  and  alter  apoptotic  responsiveness  ’  ’  .  How  the  stroma  promotes 
apoptosis-resistant  breast  tumors  remains  unclear. 

We  have  been  studying  the  role  of  integrin  ECM  receptors  as  key  regulators  of  mammary  tissue 
behavior  as  well  as  malignant  transformation  and  metastasis.  We  have  been  exploring  the  molecular 
mechanisms  whereby  the  ECM  can  regulate  mammary  tissue  homeostasis,  invasion  and  apoptosis 
responsiveness.  We  found  that  integrin  expression,  organization  and  activity  are  consistently  altered  in 
breast  tumors  and  that  perturbing  integrin  expression  and  activity  can  drive  malignant  behavior  of  non- 
malignant  and  pre-malignant  MECs,  and  that  normalizing  integrin  activity  represses  expression  of  the 
malignant  breast  phenotype  in  culture  and  in  vivo^’^.  We  also  determined  that  integrins  regulate  cell 
survival  and  modulate  the  apoptotic  responsiveness  of  mammary  tissues  to  a  diverse  array  of  exogenous 
stimuli  including  various  chemotherapies  and  immune  receptor  activators^’’.  We  found  that  integrin- 
dependent  apoptosis  resistance  and  survival  are  intimately  linked  to  many  of  the  biochemical  pathways 
and  mechanisms  that  regulate  tissue  organization  and  specifically  tissue  polarity.  For  example,  we  found 
that  a6p4  integrin  directs  mammary  epithelial  cells  to  assemble  polarized  mammary  tissue  structures 
that  display  apoptosis  resistance  to  a  wide  spectrum  of  apoptotic  insults.  We  are  now  exploring  the 
underlying  mechanisms  whereby  integrin  expression  and/or  function  becomes  altered  in  breast  tumors, 
how  integrin  modulate  the  survival  of  nonmalignant  and  transformed  mammary  epithelial  cells,  what  the 
molecular  link  could  be  between  integrin-dependent  survival  and  tissue  polarity  and  the  clinical 
relevance  of  these  findings. 

We  found  that  prior  to  malignant  transformation  the  mammary  gland  exhibits  a  'desmoplastic' 

response  that  is  associated  with  an  incremental  and  significant  increase  in  global  elastic  modulus 
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(stiffness)  of  the  gland  and  elevated/altered  expression  of  integrins  and  integrin  adhesions 
(unpublished  data).  Consistent  with  results  from  other  laboratories  we  determined  that  externally-applied 
mechanical  force  regulates  the  behavior  and  phenotype  of  multiple  cell  types  including  endothelial, 
fibroblasts,  neurons,  and  MECs"  '^.  Although  the  mammary  gland  is  not  traditionally  viewed  as  a 
mechanically-regulated  tissue,  MECs  within  the  ductal  tree  and  alveolus  experience  passive  (isometric) 
and  active  mechanical  force  throughout  the  lifetime  of  the  mammary  gland  most  notably  during 
development,  lactation  and  involution^’^"^.  Similar  to  other  solid  tumors,  the  mammary  gland  also 
becomes  appreciably  stiffer  in  association  with  its  malignant  transformation  and  mammary  epithelial 
cells  within  the  tumorigenic  mammary  gland  experience  an  array  of  additional  compression  and  stress 
and  interstitial  associated  forces'^’*^.  During  the  process  of  metastasis  and  once  at  the  metastatic  site 
breast  tumor  cells  also  encounter  an  array  of  external  mechanical  forces  that  could  conceivably  influence 
their  behavior  and  alter  their  response  to  treatment.  For  example,  many  of  the  common  metastatic  sites 
for  breast  cancer  differ  appreciably  with  respect  to  their  stiffness  and  biochemical  compositions  than  a 
normal  mammary  gland  such  as  bone  (very  stiff,  high  vitronectin),  in  the  vasculature  (high  pulsatile 
pressures,  high  fibronectin  and  fibrin),  pleural  cavity  (very  compliant  with  high  fibrin  composition  but 
also  adjacent  fibrotic  lung  could  be  quite  stiff  with  a  high  amount  of  elastin). 
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Because  physical  forces  so  profoundly  influence  cell  proliferation,  survival  and  differentiation  of 
multiple  cell  types,  we  maintain  that  it  is  critical  to  understand  how  mechanical  cues  could  influence 
mammary  tissue  behavior  and  apoptosis  responsiveness. 


Accordingly,  we  predict  that  the  physical  organization  of  the  ECM  (which  contributes  to  its 
mechanical  properties)  constitutes  an  independent  regulator  of  mammary  epithelial  behavior  and 
apoptosis  resistance.  Delineating  the  molecular  basis  for  this  phenotype  will  likely  have  important 
consequences  for  tumor  therapy.  To  rigorously  test  this  idea  we  are  in  the  process  of  achieving  the 
following  specific  aims: 

Specific  Aim  1.  Engineer  tractable  3D  organo-typic  model  systems  that  recapitulate  the 
biophysical  properties  of  primary  and  metastatic  breast  tumor  tissues,  and  then  use  these  models  to 
dissect  candidate  molecular  stress-response  mechanisms  whereby  ECM  stiffness  could  regulate 
apoptosis  resistance  in  culture  and  in  vivo. 

Specific  Aim  2.  Develop  xenograft  and  transgenic  mouse  models  to  test  whether  ECM  stiffness 
regulates  apoptotic  responsiveness  of  mammary  epithelia  in  vivo. 

Specific  Aim  3.  Build  a  computational  model  that  can  predict  how  changes  in  ECM  compliance 
could  influence  integrin-dependent  apoptosis  responsiveness  of  mammary  epithelia  and  query  this 
model  with  clinical  data. 

Specific  Aim  4.  Develop  non-invasive  imaging  tools  that  could  be  used  to  monitor  changes  in 
ECM  stiffness  or  stiffness-induced  changes  in  mammary  tissue  phenotype. 

Summary  of  Achievements  -  Proposal  Body: 

We  are  now  conducting  studies  in  this  grant  proposal  on  a  "no  cost"  extension  basis.  The  no  cost 
extension  occurred  for  the  following  reasons: 

1.  We  encountered  several  months  delay  (4  months  duration  approximately)  in  processing  and  acquiring 
the  original  funds  from  the  DOD  when  the  award  was  first  initiated  at  the  University  of  Pennsylvania. 
The  consequence  of  this  delay  was  an  unexpended  carry  over  from  the  first  year  of  funding  that  was 
approximately  25-35%  -equal  to  an  amount  reflecting  the  delayed  start  date. 

2.  Secondly,  in  the  midst  of  the  second  year  of  funding  my  group  relocated  to  the  University  of 
California,  San  Francisco.  Despite  initiating  appropriate  grant  transfer  procedure  through  DOD  and 
University  of  Pennsylvania  -  the  funds  transfer  was  delayed  significantly  -  primarily  due  to  difficulty 
with  the  University  of  Pennsylvania  administration.  Consequently  we  could  not  use  the  DOD  grant  at 
UCSF  for  almost  one  full  year.  Thus,  expenditures  on  the  grant  were  frozen  for  approximately  10 
months.  Rather  than  lay  off  individuals  supported  by  the  Scholar  grant  I  instead  chose  to  use  my 
allocation  of  UCSF  "start  up"  funding  (i.e.  funds  provided  to  me  by  UCSF  Department  of  Surgery  to 
support  my  laboratory  relocation.  It  was  however  not  possible  to  use  funds  to  hire  new  personnel 
required  to  carry  out  many  of  the  animal  study  and  human  tissues  directed  goals/tasks  outlined  in  the 
proposal.  Only  once  funding  and  spending  had  been  approved  was  I  then  permitted  to  proceed  with 
recruitment  and  hiring.  This  further  delayed  work  on  the  project  because  there  is  a  3-6  month  delay 
between  advertising  for  personnel,  interviewing  and  hiring.  Therefore,  progress  and  spending  on  the 
project  were  further  delayed.  The  total  delay  here  amounted  to  close  to  1.5  years.  However,  once  the 
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new  personnel  were  hired  and  trained  progress  on  the  project  accelerated  greatly.  Thus,  my  group  has 
been  able  to  make  excellent  progress  on  many  other  facets  of  the  project  as  indicated  by  publications, 
achieved  goals  and  tasks  completed  in  annual  progress  reports. 

3.  Due  to  the  relocation  to  UCSF  and  the  delay  in  the  hiring  of  new  personnel  there  was  a  significant 
delay  in  initiating  and  executing  the  animal  experiments  and  the  human  tissue  analysis  due  to  need  to 
submit  and  obtain  approval  for  animal  work  and  human  studies.  Thus,  there  was  a  delay  in  the 
preparation,  submission  and  procurement  of  the  IRB  application  generation  and  human  tissue  project 
initiation.  In  addition,  lACUC  paperwork  and  approval  and  animal  procurement,  breeding  and 
transgenic  generation  were  substantially  delayed. 

All  of  these  setbacks  have  now  been  addressed  and  work  is  proceeding  well  and  goals  are  being 
achieved.  Thus,  despite  all  of  these  setbacks  as  soon  as  funding  became  available  and  my  group  was 
again  re  established  at  UCSF  and  new  personnel  were  hired  we  began  work  on  project  goals  in  earnest. 
IRBs  and  lACUCs  were  procured  for  the  project  and  transgenic  animals  bred,  experiments  conducted 
and  transgenics  generated  and  consequently  progress  on  animal  studies  has  been  proceeding  at  an 
excellent  pace  these  past  few  years.  Nevertheless,  due  to  these  unexpected  delays  we  are  behind  our 
stated  schedule  and  have  been  carrying  forward  unexpended  funds. 

Thus,  last  year  we  asked  for  and  were  awarded  a  two  year  no  cost  carry  over  during  which  time  our 
objective  has  been  to  continue  to  generate  new  transgenic  animals  for  pre  clinical  trials,  to  complete 
many  of  the  animal  studies  initiated  at  the  University  of  Pennsylvania  and  to  move  forward  on  our 
human  tissue  studies  to  address  translational  relevance  of  our  findings.  Our  goal  has  also  been  to 
translate  our  findings  into  published  articles  and  obtain  extramural  funding  to  continue  with  our 
project(s).  We  have  been  making  excellent  progress  towards  all  of  these  stated  goals  such  that  we  have 
also  initiated  a  few  exploratory  projects  that  expand  the  scope  of  the  original  work  and  assist  with  our 
objective  of  eventually  translating  our  findings  to  the  clinic. 

Task  1:  Engineer  tractable  3D  orsano-tyvic  models  that  recapitulate  the  biophysical  properties  of 
primary  and  metastatic  breast  tumor  tissues,  and  use  these  models  to  dissect  candidate  molecular 
mechanisms  whereby  ECM  stiffness  could  regulate  breast  tumor  behaviors  including  treatment 
responsiveness  in  culture  and  in  vivo. 

PART  A  Development  of  natural  3D  ECM  models  that  recapitulate  the  biophysical 
properties  of  primary  normal  and  malignant  and  metastatic  breast  tissues. 

Achievements  as  listed  per  Revised  Statement  of  Work 

In  this  first  year  of  our  no  cost  extension  we  have  continued  to  develop  and  elaborate  3D  organotypic 
models. 

a.  Complete  studies  to  measure  mechanical  properties  of  natural  biomaterials  as  well  as 
mouse  tissues  using  newly  developed  micro  indentor  device'^  as  well  as  nano  AFM  indentation 
with  CFP-tagged  mouse  models  as  well  as  fluorescence  tagged  DEXTRAN  to  mark  the  vasculature. 
If/when  possible  we  will  also  attempt  to  orient  stiffness  measurements  in  the  context  of  infiltrating 
immune  cells.  Objectives  will  include  normal  and  various  stages  of  malignant  progression  of  breast 
cancer  in  mouse  models  including  but  not  restricted  to  PyMT  mouse  model,  Her2/neu  model  and  p53  -/+ 
mice.  We  will  also  examine  physical  changes/properties  of  liver,  brain,  bone  and  lungs  to  determine 
whether  cellular  metastasis  is  also  mediated  in  part  by  compatibility  changes  in  tissue  biophysical 
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properties.  This  analysis  will  include  a  comprehensive  biochemical  analysis  of  the  state  of  collagen 
processing  and  cross-linking  in  these  tissues.  (Months  0-24)  Partially  completed. 

Towards  this  work  goal  we  have  successfully  used  a  micro  indentor  device  to  measure  the  materials 
properties  of  mammary  gland  tumors  that  developed  in  PyMT  mice  with  and  without  inhibition  of  the 
lysyl  oxidase  cross-linking  enzyme.  We  could  show  that  mammary  glands  stiffen  as  they  progress 
towards  malignancy  so  that  invasive  breast  tumors  are  significantly  stiffer  than  normal  glands.  We  could 
also  demonstrate  that  inhibiting  collagen  cross-linking  using  the  pharmacological  inhibitor  of  LOX 
(BAPN)  reduces  stiffness  towards  that  of  a  premalignant  breast.  This  work  was  reported  in  last  year's 
progress  report  and  therefore  we  have  not  included  those  data  again  here.  Rather  what  became  evident  to 
us  through  those  studies,  was  that  those  mechanical  measurement  approaches  do  not  have  the  resolution 
needed  to  distinguish  whether  altered  stiffness  of  the  tissue  relates  to  changes  in  epithelial  behavior, 
ECM  remodeling  or  an  altered  vasculature.  Accordingly,  in  the  past  few  years  we  have  been  working  to 
develop  a  novel  cryo  preservation  technique.  In  the  past  year  this  technique  has  now  been  perfected  and 
a  summary  of  our  results  are  now  included  in  this  report  for  review.  This  new  technique  permits  us  to 
conduct  high  resolution  Atomic  Force  Microscopy  (AFM)  force  indentation  on  mouse  and  human  breast 
tissue.  Our  work  shows  that  using  freshly  excised  tissue  we  are  able  to  measure  regions  in  the  tissue 
using  AFM  and  demonstrate  that  tumors  are  stiffer  than  normal  tissue  (Lopez  et  ah,  J  Integ  Biol; 
Attachment  1;  figure  1).  However,  using  this  approach  it  became  rapidly  evident  that  it  is  not  clear  what 
precisely  we  are  probing  when  we  poke  fresh  tissue.  Therefore  we  obtained  transgenic  mice  in  which  the 
epithelium  is  genetically  marked  with  CFP  so  that  we  could  be  sure  that  AFM  indentation  of  green  cells 
in  fact  was  probing  the  mechanical  characteristics  of  the  mammary  epithelium.  Moreover,  to  determine 
the  mechanical  integrity  of  the  tissue  associated  with  the  vasculature  we  injected  the  animals  with 
Rhodamine  lectin  just  prior  to  sacrificing  them.  This  strategy  marks  the  vasculature.  Using  this 
technique  we  could  show  that  the  vasculature  associated  with  breast  tumors  also  progressively  stiffens 
and  moreover  that  not  all  vessels  exhibit  similar  stiffness  characteristics.  Thus,  vessels  within  the  core  of 
the  tumor  are  significantly  stiffer  than  those  at  the  invasive  front  suggesting  that  the  nature  of  the  vessels 
might  be  different  in  these  different  regions  (Lopez  et  ah,  J  Integ  Biol  Attachment  1;  figure  2).  To 
address  the  issue  of  ECM  stiffness  contribution  to  tumor  stiffness  we  developed  a  novel 
cryopreservation  approach  (Lopez  et  ah,  J  Integ  Biol,  Attachment  1;  figure  3).  Using  this  approach  we 
could  show  that  the  ECM  progressively  stiffens  as  breast  tissue  advances  from  normal  through  pre 
malignant  to  invasive  lesions  (Lopez  et  ah,  J  Integ  Biol  Attachment  1;  figure  4).  In  fact,  our  conclusion 
is  that  the  epithelium,  the  blood  vessels  and  the  ECM  simultaneously  stiffen  as  a  function  of  tumor 
evolution  but  that  the  ECM  appears  to  show  the  most  profound  increase  in  rigidity.  Together  all  of  these 
components  therefore  account  for  the  altered  mechanical  behavior  of  breast  tumors. 

In  our  last  report  we  discussed  our  studies  using  the  Her2/neu  model  and  our  peer  reviewed  article 
published  in  Cell  Journal  in  late  2009;  That  article  was  discussed  in  our  last  progress  report  and 
therefore  will  not  be  discussed  here  in  this  new  report.  Instead,  we  report  here  on  current  studies  aimed 
at  exploring  the  interplay  between  ECM  tension  and  breast  tumor  metastasis.  Thus,  we  have  used  carry 
over  funding  to  complete  two  additional  mouse  studies  with  the  PyMT  mouse  model.  As  shown  in 
figures  1-6  included  in  the  body  of  this  document,  these  studies  illustrate  that  analogous  to  the  Her2/neu 
mouse  model  of  breast  cancer  the  PyMT  mice  show  increased  integrin  adhesion  activity  during  the  early 
stages  of  breast  tumor  progression  i.e.  commencing  at  week  8  when  pre  malignant  MIN  lesions  have 
developed  in  virtually  all  mammary  glands  of  these  mice.  Thus,  distinct  from  the  Her2/Neu  mouse 
model  of  breast  cancer  the  PyMT  mice  develop  multi  focal  lesions  very  very  quickly  in  ALL  mammary 
glands  and  these  lesions  progress  quickly  to  invasive  lesions  by  11-12  weeks  and  then  metastasize  by  14 
weeks  in  100%  of  the  mice  (Figure  lA).  Associated  with  this  increase  in  integrin  adhesion  activity  there 
is  a  progressive  elevation  in  the  levels  of  expression  of  LOX  which  becomes  evident  and  significant  by 
8  weeks  of  age  (Figure  IB).  Importantly,  inhibition  of  LOX  activity  using  the  pharmacological  inhibitor 
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BAPN  delayed  the  formation  of  tumors  in  these  mice  by  as  much  as  2-3  weeks  as  illustrated  in  Figure 
1C.  Yet,  eventually  all  mice  eventually  developed  palpable  lesions  and  their  histophenotype  did  not 
appear  to  be  markedly  different  as  shown  in  the  images  below  Figure  1C.  Yet,  significantly,  we  noted 
that  while  the  majority  (greater  than  60%)  of  the  animals  treated  with  the  LOX  inhibitor  did  not  develop 
lung  tumors  (Figure  ID  and  IE)  untreated  animals  all  uniformly  developed  lung  metastasis  by  14  weeks 
of  age  and  the  metastatic  lesions  that  did  form  in  the  BAPN  treated  mice  were  markedly  smaller  than 
those  formed  in  the  control  untreated  animals. 

We  were  naturally  curious  to  understand  how  LOX  inhibition  could  be  regulating  breast  tumor 
metastasis.  Therefore,  we  looked  carefully  at  their  histophenotype  and  also  measured  their  stiffness 
using  the  micro  indentor.  Although  we  did  not  note  any  obvious  differences  in  the  histophenotype  of  the 
14  week  old  mammary  glands  treated  with  LOX  inhibitor  (Figure  2 A)  we  did  measure  a  significant 
reduction  in  the  stiffness  of  the  tissue  both  at  8  and  14  weeks  of  age  (Figure  2B)  suggesting  that  LOX 
inhibition  did  in  fact  reduce  collagen  cross-linking  and  prevent  tissue  stiffening.  We  are  now  interested 
in  understand  whether  the  altered  tissue  stiffness  could  account  for  the  reduced  tumor  metastasis  and 
how.  Moreover,  in  the  next  year  of  support  from  this  no  cost  extension  we  will  be  conducting  AFM 
indentation  studies  to  assess  specifically  the  physical  properties  of  the  ECM  associated  with  the  lesions 
+!-  BAPN  treatment.  We  will  also  be  conducting  carefully  cross-linking  analysis  studies. 

Thus  far  to  explore  potential  molecular  mechanisms  we  have  been  exploring  potential  effects  on  tissue 
inflammation  and  changes  in  immune  function.  We  did  not  observe  any  obvious  difference  in  CD45 
positive  cells  (which  mark  immune  infiltrate)  between  BAPN  treated  and  nontreated  PyMT  mice. 
However,  we  did  note  that  there  was  a  marked  increase  in  infiltrating  CD45+  immune  cells  in  14  week 
old  BAPN  treated  PyMT  mice  (Figure  3 A).  Upon  further  analysis  we  noted  that  there  was  an  increase  in 
B220+Cd3-:  B  cells,  CD3+Cd8+:  cytotoxic  T  cells,  and  CD3+Cd4-i-:  helper  T  cells  and  lower 
CDllb+F4/80+:  Macrophages  in  the  BAPN  treated  PyMT  tumors  at  14  weeks.  Although  quite 
preliminary  these  data  do  suggest  that  perhaps  there  is  less  inflammation  and  a  more  productive  T  cell 
response  which  could  explain  the  reduced  tumor  metastasis  we  have  been  consistently  observing  (Figure 
3B).  To  address  this  possibility  we  profiled  the  chemokine/cytokine  profile  of  PyMT  tumors  from  mice 
+/-  BAPN  treatment.  We  were  encouraged  to  note  that  at  8  weeks  of  age  BAPN  treated  mice  had 
reduced  levels  of  these  chemokines/cytokines  -  (Figure  4  bottom  bar  graphs)  yet  by  14  weeks  of  age  the 
levels  were  now  higher  than  quantified  in  the  8  week  old  animals  suggesting  the  animals  had  in  fact 
caught  up  and  compensated  with  elevated  levels  of  all  of  the  soluble  factors  we  tested  including  TNF 
alpha  and  TGF  beta  etc,  at  least  at  the  RNA  level.  Whether  the  RNA  in  fact  truly  reflects  the  activity 
levels  of  these  factors  is  not  clear  and  is  something  we  are  now  exploring  (Figure  4  top  bar  graphs). 

Tumor  metastasis  is  also  very  tightly  regulated  by  the  state  of  tissue  hypoxia.  Therefore,  we  examined 
the  status  of  vascular  integrity  and  infiltration  of  blood  into  the  BAPN  treated  and  non-treated  tumors. 
We  found  that  the  BAPN  treated  animals  appeared  to  have  greater  vascular  density  and  also  that  upon 
perfusion  there  was  a  higher  diffusion  noted  in  the  mice  suggesting  there  should  be  reduced  hypoxia 
(Figure  5).  These  results  actually  make  a  lot  of  sense  considering  the  fact  that  we  noted  that  the  BAPN 
treated  tumors  were  less  stiff  and  that  the  tumors  appears  morphologically  more  integrated  with  ECM 
stroma.  This  phenotype  is  consistent  with  the  idea  that  BAPN  treatment  reduces  ECM  cross-linking  and 
potentially  reduces  interstitial  pressure  permitting  efficient  vascularization  and  perfusion  of  the  tissue. 
This  in  turn  would  reduce  hypoxia  and  permit  efficient  immune  cell  infiltration  of  the  tissues  - 
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Figure  1.  LOX  enzymatic  activity  is  implicated  in  PyMT-induced  mammary  carcinoma  and 
metastasis. 

A)  Immnohistochemistry  images  of  |31-integrin  and  FAKp  in  the  mammary  glands  of 
MMTV-PyMT  mice  as  a  function  of  tumor  progression.  B)  Bar  graphs  of  qPCR  levels  of  Lysyl 
Oxidase  (LOX)  expressed  in  PyMT  mice  as  a  function  of  tumor  progression.  Data  illustrate  that 
while  LOX  levels  are  low  to  nonexistent  in  the  mammary  glands  of  control  and  4  week  old 
PyMT  mice  that  expression  of  the  enzyme  increases  dramatically  by  8  weeks  and  remains  quite 
high  even  at  14  weeks  of  age.  C)  (top)  Line  graphs  indicating  delayed  mammary  gland  tumor 
formation  in  PyMT  mice  following  inhibition  of  LOX  activity,  (bottom)  H&E  images  of 
mammary  glands  from  14  week  old  MMTV-PyMT  animals  treated  with  and  without  BAPN 
treatment  D)  (top)  Bar  graphs  indicating  that  up  to  40-60%  of  PyMT  treated  with  BAPN 
remained  metastasis  free  (left)  and  that  the  total  number  of  metastasis  to  the  lungs  was 
significantly  reduced  in  the  BAPN  treated  mouse  cohort  (right),  (bottom)  H&E  micrographs  of 
the  lungs  from  PyMT  mice  treated  with  or  without  BAPN.  Images  reveal  that  even  when  lung 
metastasis  developed  in  the  BAPN-treated  animals  the  lesions  were  significantly  smaller. 


Figure  1 
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Figure  2.  Histophenotype,  Immune  Infiltrate  markers  and  Mechanical  Testing  of 
Mammary  Glands  from  8,  11  and  14  week  old  PyMT  mice  following  treatment  with  the 
LOX  inhibitor  BAPN. 

A)  Micrographs  showing  H&E  images  from  8,  1 1  and  14  week  old  mammary  glands  from  PyMT 
mammary  tumors  with  and  without  inhibition  of  LOX  activity  using  the  pharmacological 
inhibitor  BAPN.  Note  that  the  mammary  glands  of  both  non  treated  (ctl)  and  BAPN  treated 
(BAPN)  animals  have  abundant  levels  of  infiltrated  leukocytes.  B)  Bar  graphs  showing  tissue 
indentor  measurements  of  the  materials  properties  of  the  mammary  glands  of  PyMT  mice  treated 
with  and  without  BAPN  inhibitor  at  8  and  14  weeks.  Data  show  that  mice  treated  with  BAPN 
had  greatly  reduced  mammary  gland  stiffness. 


Figure  2 
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Figure  3.  FACs  analysis  of  immune  cell  infiltrate  in  PyMT  mice  treated  with  BAPN. 

A)  Scatter  graph  showing  flow  cytometric  analysis  of  total  leukocytes  in  the  mammary  tumors 
from  1 1  and  14  week  old  PyMT  mice  treated  with  and  without  BAPN.  The  results  show  that 
while  the  fraction  of  total  hematopoietic  cells  (CD45  positive)  is  similar  in  the  mammary  glands 
of  the  1 1  week  old  mice  there  is  a  significant  increase  in  immune  cell  infiltration  in  the  14  week 
old  mammary  glands  of  mice  treated  with  BAPN.  B)  Bar  graphs  depicting  the  nature  of  the 
leukocyte  populations  infiltrating  the  mammary  glands  of  1 1  and  14  week  old  mice  with  and 
without  BAPN  treatment.  Flow  cytometric  analysis  of  leukocyte  population  was  achieved  using 
25  cell  surface  markers  specific  for  various  subpopulations  of  Thymocytes,  B  lymphocytes, 
Natural  Killer  cells,  macrophages,  dendritic  cells,  and  monocytes.  Data  indicate  that  the  levels  of 
CDllb+ly6G+  granulocyte  cells  is  increased  in  the  11  week  old  mammary  glands  of  PyMT 
BAPN  treated  tumors,  and  reduced  levels  of  CDllb+ly6C+  Monocytes  and  CDllb+F4/80+ 
macrophage  fractions  in  the  14  week  old  mammary  glands  of  PyMT  BAPN-treated  tumors.  . 


Figure  3 


a;  00*4' MU* 


m  * 


&5 


wlw 

EKDl 

■CWWi- 

DDIIkLiK 


11 


W81XWH-05-1-330 


Principal  Investigator:  Weaver.  Valerie  M,  Ph.D. 


Figure  4.  Reducing  mammary  gland  stiffness  through  inhibition  of  LOX  activity  modifies 
the  immune  cytoskine  profile  of  the  tissue. 

A)  (top  graphs)  Bar  graphs  showing  qPCR  analysis  of  the  expression  of  Ml  and  M2  macrophage 
cytokines  in  the  primary  tumors  from  14week-old  mice.  Data  indicate  that  there  is  no  difference 
in  the  levels  of  Ml  or  M2  cytokines  in  the  mammary  glands  of  mice  treated  with  BAPN  by  14 
weeks.  These  results  suggest  that  while  initially  the  BAPN  might  reduce  levels  of  these 
cytokines  at  least  at  the  RNA  level  there  is  a  compensatory  rise  in  levels  so  that  by  14  weeks  of 
age  the  difference  is  negligible.  B)  (bottom  graphs)  Bar  graphs  showing  qPCR  analysis  of  the 
expression  of  Ml  and  M2  macrophage  cytokines  in  the  primary  tumors  from  8  week-old  mice. 
Results  suggest  that  the  expression  of  M2  cytokines  is  lower  in  the  mammary  glands  of  mice 
treated  with  BAPN. 
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Figure  5.  Reducing  mammary  gland  stiffness  through  treatment  with  BAPN  delays  in 
infiltration  of  immune  cells  into  the  mammary  gland  of  PyMT  mice. 

A)  Images  showing  immnohistochemistry  of  the  total  macrophages  (F4/80  Positive)  and  total 
CD206  positive  M2  macrophages  associated  with  1 1  (right)  and  14  (left)  week  old  mammary 
tumors  in  the  BAPN  treated  and  untreated  animals.  Data  indicate  that  BAPN  treatment 
significantly  reduces  the  total  number  of  macrophages  infiltrating  the  mammary  gland  at  1 1 
weeks  of  age.  Nevertheless,  by  14  weeks  of  age  the  difference  has  disappeared  and  the  density  of 
macrophages  appears  to  be  greater.  This  is  likely  due  to  the  fact  that  the  BAPN  treated  mammary 
glands  are  softer  and  hence  more  penetrable  by  immune  cells.  B)  Bar  graphs  quantifying  the 
density  of  M2  and  total  macrophages  in  the  mammary  glands  of  1 1  and  14  week  old  mice  treated 
with  and  without  BAPN. 
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Figure  6.  BAPN  treatment  reduces  mammary  gland  stiffness  and  facilitates  vascularization 
of  PyMT  breast  tumors. 

A)  Doppler  images  of  mammary  glands  from  PyMT  mice  with  and  without  BAPN  treatment. 
Images  suggest  that  the  mammary  glands  of  the  BAPN-treated  animals  have  increased  vascular 
density  and  penetration.  B)  Bar  graphs  showing  quantification  of  Doppler  images  taken  from  the 
mammary  glands  of  PyMT  mice  at  8,  11  and  14  weeks  of  age  with  and  without  BAPN  treatment. 
Data  indicate  that  as  tumors  evolve  and  grow  larger  and  more  advanced  their  perfusion  decreases 
dramatically.  However,  BAPN  treatment  which  reduces  tissue  stiffness  delays  this  effect.  C)  Bar 
graphs  quantifying  the  amount  of  lOkDalton  Dextran  versus  VOkDalton  Dextran  vascular  leakage 
into  the  mammary  glands  of  PyMT  mice  treated  with  and  without  BAPN.  Data  suggest  that  the 
mammary  glands  of  animals  treated  with  BAPN  are  significantly  leakier  than  nontreated 
animals. 


Figure  6 
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something  immunohistochemistry  suggested  when  we  examined  the  immune  infdtrate  status  of  these 
treated  mammary  tumors  (Figure  6).  In  the  next  several  months  we  intend  to  explore  this  possibility 
further  through  analysis  of  interstitial  pressure  and  hypoxia  analysis.  We  hope  to  complete  additional 
mouse  studies  using  the  PyMT  mouse  model. 

We  are  also  in  the  process  of  initiating  a  set  of  collaborative  studies  with  members  of  Georgia  Technical 
institute  who  have  developed  a  novel  technique  that  permits  a  comprehensive  analysis  of  the  visco 
elasticity  of  the  lungs  of  mice.  Using  this  approach  we  hope  to  examine  whether  PyMT  animals  that 
have  been  treated  with  LOX  inhibitors  exhibit  lower  levels  of  lung  metastasis  because  there  is  reduced 
cross-linking  and  stiffening  of  the  lung  tissue.  This  would  suggest  that  circulating  LOX  could  condition 
the  metastatic  niche  thereby  fostering  metastasis  formation. 

Moreover,  to  further  examine  the  interplay  between  collagen  cross-linking  and  tissue  stiffening  (ECM 
stiffening)  and  breast  tumor  metastasis  we  have  initiated  collaborations  with  the  Moses  group.  The 
Moses  group  is  assessing  the  effect  of  TGF  beta  and  its  effects  on  tissue  inflammation  and  recruitment 
of  immature  myeloid  progenitor  cells  on  breast  tumor  metastasis.  Dr.  Moses  and  colleagues  showed  that 
analogous  to  human  tumor  that  harbor  loss  of  expression  or  mutations  in  the  TGF  beta  receptor  II  PyMT 
mice  lacking  this  receptor  develop  tumors  that  are  twice  as  aggressive  as  normal  and  these  animals 
develop  lung  metastasis  after  only  8  weeks!  Intriguingly  these  mice  show  very  strong  myeloid 
infdtration  that  precedes  and  is  critical  for  this  accelerated  metastasis  because  inhibiting  myeloid  cell 
recruitment  prevents  tumor  metastasis.  Our  preliminary  studies  suggest  that  these  myeloid  cells  secrete 
high  amounts  of  TGF  beta  into  the  tissue.  Because  TGF  beta  is  a  potent  inducer  of  LOX  expression  we 
are  now  assessing  whether  the  accelerated  tumor  metastasis  exhibited  by  these  mice  is  linked  to  elevated 
LOX  mediated  collagen  cross-linking. 

b.  Write  up  experimental  findines  on  biomaterial  characteristics  of  primary  and  metastatic 
murine  tissues  as  a  function  of  tumor  type  and  stage  and  submit  for  publication  in  peer  reviewed 
journal.  (Months  0-12)  Completed. 

This  work  was  summarized  and  submitted  for  publication  to  the  journal  of  Integrative  Biology  in  July 
2010.  We  received  our  reviews  back  from  the  journal  in  the  fall  of  2010.  The  work  received  favorable 
comments  however,  several  additional  experiments  were  suggested.  We  therefore  spent  the  fall  and  this 
past  winter  conducting  additional  animal  studies  and  AFM  measurements  on  intact  tissue  as  well  as 
isolated  breast  tumor  cells.  The  work  was  resubmitted  for  consideration  and  we  have  received  informal 
communication  that  the  work  has  now  been  accepted  for  publication  (see  Lopez  et  al.,  J  Integrative  Biol 
Accepted;  Attachment  1).  We  summarized  our  findings  in  this  publication  above  and  attach  the  article 
for  assessment  in  this  report. 

In  addition  to  these  in  vivo  studies  we  have  also  completed  a  comprehensive  series  of  studies  our  studies 
on  characterization  of  self  assembling  peptide  polymer  gels.  These  studies  include  comprehensive 
demonstration  that  analogous  to  collagen  hydrogels  (Miroshinova  et  al.,  J  Physical  Biology;  attachment 
2;  figure  1),  SAPs  gels  can  be  stiffened  through  increasing  their  concentration  (Mirohsinova  et  al.,  J 
Physical  Biology,  attachment  2;  figure  2).  Importantly,  compliant  SAPs  and  collagen  gels  incorporating 
laminin  111  are  able  to  support  tissue  morphogenesis  and  polarity  (Miroshinova  et  al.,  J  Physical 
Biology;  attachment  2;  figure  3)  and  increasing  SAP  gel  stiffness  perturbs  mammary  tissue 
morphogenesis  (Miroshinova  et  al.,  J  Physical  Biology;  attachment  2;  figure  4).  However,  high  collagen 
concentrations  simultaneously  increase  ligand  binding  sites,  and  reduce  pore  size.  By  contrast  SAPs  gels 
with  high  concentration  that  are  stiffer  do  not  demonstrate  changes  in  pore  size,  nor  do  they  vary  ligand 
binding  since  they  are  synthetic.  Thus,  EM  analysis  showed  that  stiff  collagen  gels  have  greatly 
diminished  pore  size  and  larger  fibrils  whereas  stiff  SAPs  gels  exhibit  topologies  strikingly  similar  to 
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compliant  SAPs  (Miroshinova  et  al.,  J  Physical  Biology;  attachment  2;  figure  2).  The  physiological 
relevance  of  this  is  illustrated  by  the  fact  that  a  stiff  SAPs  gel  promotes  MEC  invasion  whereas  a  stiff 
collagen  gel  does  not  -  something  we  are  now  exploring  in  greater  detail.  These  studies  demonstrate  for 
the  first  time  that  ECM  stiffness  per  se  may  be  sufficient  to  promote  an  invasive  phenotype  in  human 
breast  tissue. 

The  results  from  this  set  of  studies  were  summarized  in  the  fall  of  2010  and  the  manuscript  was 
submitted  to  the  Journal  of  Physical  Biology  for  consideration.  We  received  favorable  reviews  back  in 
mid  December  2010.  After  additional  experiments  were  conducted  to  address  reviewer  suggestions,  we 
revised  the  article  and  sent  it  back  to  the  journal.  Recently,  we  received  official  email  notification  that 
the  article  was  accepted  for  publication.  This  week  we  received  the  galley  proofs  demonstrating  that  the 
article  went  to  press  and  should  be  published  shortly.  Therefore,  we  have  attached  the  uncorrected  galley 
proofs  as  attachment  2  in  this  report.  We  expect  that  the  article  will  be  published  either  in  the  April  or 
May  issues  of  the  journal  2011  (Miroshinova  et  al..  Journal  Physical  Biology  201 1,  In  Press;  attachment 
2). 

c.  Assay  using  nano  AFM,  imaging  methodoloeies  and  biochemical  assessment  the  physical 

and  biochemical  properties  of  human  breast  tissue  as  a  function  of  breast  tumor  stage.  This 

will  include  an  analysis  of  normal  breast  tissue,  noninvasive  breast  lesions  that  have  a 
pathological  phenotype  consistent  with  nonprogression  and  those  with  an  "aggressive" 
phenotype  and  invasive  early  stage  ductal  carcinomas.  (Months  0-24).  We  have  secured  IRB 
approval  to  conduct  these  studies  and  have  been  working  with  clinicians,  surgeons  and 
pathologists  at  UCSF  to  acquire  a  repository  of  snap  frozen  human  breast  tumor  specimens  from 
surgical  discard  tissue.  Accordingly,  these  studies  are  well  in  progress. 

We  recently  submitted  our  renewal  for  the  IRB  to  conduct  these  studies  and  received  approval.  We  were 
able  to  complete  the  development  of  approaches  with  which  to  spatially  map  the  materials  properties  of 
these  human  surgically  biopsied  tissues  and  mastectomy  tissue,  tissues  using  AFM  combined  with 
second  generation  harmonics,  PS  staining,  IHC  and  H&E.  This  permits  us  to  determine  the  precise 
spatial  relationship  between  changes  in  cell  and  ECM  stiffness  (AFM),  remodeling  and  topological 
features  of  the  ECM  and  invasive  behavior  of  the  cellular  fraction  and  tumor  stage  and  progressive 
nature.  Thus  far,  in  the  past  year  we  have  been  able  to  collect  a  range  of  normal  adjacent, 
noninvasive/premalignant/fibrotic  and  invasive  breast  tissue.  See  attached  table  of  specimens  (Table  1). 
We  have  been  systemically  analyzing  the  physical  properties  of  the  ECM  associated  with  these 
developing  lesions.  Surprisingly,  we  determined  that  the  visco  elasticity  of  the  normal  human  breast 
mirrors  that  we  measured  in  mouse  tissue.  Moreover,  preliminary  data  suggest  that  the  epithelial 
architecture  and  region  of  the  human  breast  dictates  or  is  dictated  by  differences  in  ECM  organization, 
concentration  and  visco  elasticity.  In  our  next  years  report  we  hope  to  have  completed  a  set  of  studies  so 
that  we  can  make  more  definitive  conclusions.  We  are  also  continuing  to  collect  additional  specimens 
for  our  analysis.  Thus  far  our  preliminary  data  suggest  that  the  human  breast  ECM  in  noninvasive 
fibrotic  lesions  is  significantly  stiffer  than  that  of  the  normal  breast  and  that  invasive  tumors  stiffen 
further.  Indeed,  we  noted  that  the  invasive  regions  of  human  breast  ECM  are  considerably  stiffer  than 
normal  breast  ECM  and  significantly  stiffer  than  that  associated  with  a  noninvasive,  non-progressive 
breast  lesion  (see  Figure  7).  Our  goal  for  the  upcoming  year  is  to  continue  with  our  analysis  of  our 
banked  tissue  specimens  and  to  extend  this  work  to  different  histophenotypes  of  breast  tumors  and 
different  stages  of  breast  cancer  versus  non-progressive  disease.  Specifically,  we  are  interested  in 
determining  whether  there  is  a  difference  in  ECM  rigidity  between  ER/PR  positive  and  ER/PR  negative 
invasive  breast  lesions. 


16 


W81XWH-05-1-330 


Principal  Investigator:  Weaver.  Valerie  M,  Ph.D. 


TABLE  1 

HUMAN  BREAST  SPECIMENS  ACQUIRED  FOR  EXECUTION  OF  MECHANO 
ANALYSIS  OF  MAMMARY  GLANDS 
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F/36 

F/36 

F/39 

F/46 

F/5I 
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F/57 
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F/60 

F/6I 

F/6I 

F/66 

F/73 
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Figure  7  Mechanoanalysis  of  Human  Breast  as  a  function  of  Tumor  Stage 

Images:  (Top  row)  Bright  Field,  (Second  row)  Hoechst  staining  for  nuclei,  (Third  row)  H  &  E 
staining  for  histology  (Bottom  row)  Atomic  Force  Microscopy  (AFM)  Heat  Map  images  of  visco 
elasticity  measurements  of:  normal,  benign  fibroadenoma  and  typical  invasive  ducatal  carcoma 
of  human  breast  tissue.  Bar  graphs  quantifying  the  AFM  measurements  reveal  that  normal 
prophylaxis  breast  tissue  contains  normal  looking  ductal  and  alveolar  structures  and  is  quite 
compliant.  By  contrast  the  mammary  gland  with  a  benign  fibroadenoma  is  substantially  stiffer 
and  that  with  an  invasive  ductal  tumor  is  very  stiff. 
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d.  Write  up  experimental  observations  on  human  breast  tissue  including  novel  protocol  to 
measure  "in  situ"  human  breast  tissue  and  to  build  correlative  spatial  maps  of  invasive  behavior. 
(Months  18-24).  This  work  is  still  in  progress. 

Some  time  this  coming  year  we  hope  to  be  in  a  position  to  begin  to  assemble  a  paper  with  data  compiled 
throughout  the  winter  and  spring  of  201 1  so  that  by  the  end  of  the  summer/early  fall  we  will  be  able  to 
write  a  small  article  for  a  clinical  journal.  Dr.  Weaver  has  been  invited  to  present  her  findings  at  the 
Annual  San  Antonia  Breast  Cancer  meeting  in  December  2011  and  hopes  to  be  in  a  position  to  present  a 
completed  body  of  work  at  the  conference  coincident  with  submission  of  an  article  for  publication.  Dr. 
Weaver  believes  that  disseminating  these  findings  at  this  clinical  meeting  will  greatly  assist  with  clinical 
translation  of  our  work/ideas. 

e.  Continue  to  develop  novel  approaches  to  manipulate  the  stiffness  of  collagen  and  basement 
membrane  gels  and  apply  new  technology  to  modulate  and  re  create  the  biophysical  AND 
biochemical  properties  of  ECM  microenvironment  of  the  normal,  pre  malignant  and 
malignant  breast.  This  will  involve  continued  work  with  ribose  eross-linkers  but  will  also 
extend  to  photo-activatable  cross-linkers  and  incorporation  of  methods  to  orient  eollagen  fibrils 
and  potentially  to  modulate  their  fibril  arehiteeture.  Key  parameters  to  be  assessed  will  be 
morphogenesis,  proliferation,  survival  and  invasive  phenotype  of  nonmalignant  epithelial  eells 
but  also  of  pre  malignant  mammary  epithelial  cells  (i.e.  those  with  oncogenic/tumor  suppressor 
modifications  typically  found  in  DCIS  or  fibrotic  human  breast  tissues  (Her2,  EGFR 
amplification,  altered  mye,  reduced  BRCAl)  (Months  0-24).  These  studies  are  still  in  progress. 

Quantitative  Assay  of  Collagen  Cross-links  in  Mammary  Tissue  Thus  far  we  have  found  that 
intermolecular  eross-links  between  tissue  eollagens  represent  an  exeellent  means  to  inerease  the  overall 
meehanical  rigidity  of  tissues  without  in  prineipal  increasing  the  overall  collagen  eontent.  To  this  end  we 
identified  lysyl  oxidase  (LOX)  as  a  major  enzyme  that  regulates  intermolecular  collagen  and  elastin 
cross-links.  We  showed  previously  that  reducing  LOX  activity  increased  stiffened  the  tissue  and 
inhibiting  LOX  activity  reduced  tissue  stiffening.  We  then  worked  closely  with  collaborators  to 
biochemically  assay  the  level  and  nature  of  the  eollagen  and  elastin  cross-links  present  in  tissues  as  they 
progressively  transformed  and  following  LOX  enzyme  inhibition.  In  the  past  year  we  familiarized 
ourselves  with  protocol  to  analyze  collagen  cross-linking  in  mouse  and  human  tissue.  Therefore,  by 
assaying  aeeurately  the  tissue  collagen  eontent  and  numbers  and  types  of  collagen  cross-links  in  normal 
and  tumorigenic  mammary  tissues  we  will  be  in  a  position  to  be  able  to  determine  if  there  is  a  positive 
correlation  with  mammographie  density  in  normal  glands  and  whether  eollagen  eontent/eross-links  are 
positively  associated  with  tumor  progression/histotype  in  murine  models  and  human  tumors  and  whether 
there  are  positive  eorrelations  with  other  orthogonal  metries  of  tissue  mechanies  (ex  AFM  measurements 
of  tissue  rheology). 

To  this  end  we  have  now  begun  applying  previously  published  methods  to  sensitively  identify  and 
quantify  both  tissue  collagens  and  cross-links  by  HPLC  of  acid  tissue  hydrolysates.  We  have 
suceessfully  set  up  and  validated  both  an  assay  for  eollagen  content  and  that  for  both  of  the  known 
divalent  eross-links  in  normal  murine  and  human  mammary  glands,  as  well  as  human  normal  and 
transformed  tissue.  Briefly,  this  technique  involves  using  excised  fresh  or  frozen  tissues  that  have  been 
delipidated  by  extraetion  in  ehloroform:methanol,  rehydrated,  homogenized  and  then  redueed  by 
treatment  with  sodium  borohydride  to  stabilize  divalent  cross-links  to  acid  hydrolysis.  Following 
reduction  tissue  homogenates  are  freeze-dried  and  then  hydrolyzed  to  eonstituent  amino  aeids  by 
treatment  with  6N  HCl  for  24  hours  at  1 10°C.  After  drying  by  evaporation  amino  acids  cross-links  are 
redissolved  in  water  and  the  sample  is  divided  for  assay  of  collagen  eontent  and  the  larger  portion  for 
collagen  cross-links.  The  smaller  portion  is  used  for  assay  of  hydroxy-proline  (OH-Pro)  content  by 
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HPLC  fractionation  on  a  strong  cation  exchange  column  with  post  column  derivatization  using  bn 
ninhydrin  and  detection  in  an  online  flow  through  UV/Vis  detector  by  absorbance  at  440  nm.  Integration 
of  the  OH-Pro  peak  relative  to  a  standard  of  known  concentration  allows  conversion  to  molar  content  of 
OH-Pro  and  molar  collagen  tissue  content  using  the  well  established  relationship  of  14%  mole  fraction 
of  collagen  as  OH-Pro.  Figure  8  shows  baseline  separation  of  OH-Pro  peaks  from  Asp  in  purified 
standards  (Figure  8A),  purified  collagen  I  (Figure  8B)  and  in  virgin  murine  mammary  glands  (Figure  8C) 
validating  the  specificity  of  the  assay  and  establishing  sensitivity  of  detection  in  our  hands  of  (estimated 
from  4  week  old  virgin  mouse  mammary  gland  #4)  of  1-2  mg  wet  weight  of  tissue  (~0.5%  of  the  total 
gland).  The  larger  portion  of  tissue  acid  hydrolysate  is  pre-ffactionated  on  a  column  of  fibrous  cellulose 
(CF-1)  that  enriches  for  cross-linked  amino  acids  (that  are  adsorbed)  and  free  (uncross-linked)  amino 
acids  that  flow  through  the  column.  Adsorbed  cross-links  are  eluted  in  water,  concentrated  by 
centrifugal  evaporation  and  analyzed  by  HPLC  fractionation  on  a  strong  cation  exchange  column  with 
post  column  derivatization  using  pthaldialdehyde  and  detection  of  the  resulting  derivatives  in  an  online 
flow  through  fluorometric  detector  with  excitation  of  334  nm  and  emission  of  425  nm.  Figure  9  shows 
enrichment  and  excellent  separation  of  the  collagen  cross-links  hydroxyl-lysinoketonorleucine  (HLKNL) 
and  dehydro-hydroxylysinonorleucine  (A-HLNL)  in  CF-1  fractionated  fresh  frozen  human  normal  and 
mammary  tumor  acid  hydrolysates.  Validation  of  peak  assignments  (Figure  9A)  is  based  on  analysis  of 
demineralized  bone  (HLKNL>  A-HLNL),  relative  orders  of  elution  (HLKNL  before  A-HLNL), 
similarity  to  published  chromatograms  and  most  importantly  peak  loss  in  the  absence  of  reduction 
prior  to  acid  hydrolysis  (both  HLKNL  and  A-HLNL  are  destroyed  in  the  latter  case).  Unlike  in 
demineralized  bone  presumptively  vascular  elastin  cross-links  (isodesmosine  and  desmosine; 
incompletely  resolved  and  tentatively  assigned  based  on  published  chromatograms'^  are  also  detected  in 
normal  and  tumor  mammary  glands  (Figure  8B).  Figure  8A  (Inset)  also  shows  the  improvement  in 
detection  sensitivity  realized  using  pthaldialdehyde  and  fluorometric  detection  vs  ninhydrin  and 
absorbance  detection  as  described  by  Avery  et  al.'^.  As  a  result  estimated  sensitivities  of  detection  for 
HLKNL  and  A-HLNL  are  at  about  the  level  of  10  mg  wet  weight  of  tissue  (human  mammary  gland) 
corresponding  to  a  cubic  volume  of  tissue  estimated  at  a  2-3  mm  on  each  side.  These  sensitivities  are 
reliably  below  the  size  of  tumor  samples  available  to  our  laboratory.  Current  work  is  now  focusing  on 
increasing  assay  throughput  and  expanding  the  number  of  analyzed  samples. 

f.  To  continue  to  manipulate  and  calibrate  bio  reactor  device  to  apply  a  calibrated  mechanical 
force  (compression)  to  3D  cellular  organoids  for  the  study  of  effects  of  force  on  tissue  behavior  - 
in  particular  treatment  responsiveness.  (Months  0-18).  These  studies  are  still  in  progress. 

We  have  on  hand  a  force  reactor  and  have  been  working  with  our  colleagues  from  the  University  of 
Pennsylvania  to  use  HA  gels  to  test  the  effect  of  10-20%  compression  loading  (constant  versus  cyclical) 
on  mammary  tissue  integrity.  We  have  successfully  calibrated  this  device  and  as  reported  in  last  years 
summary  we  could  show  that  15%  cyclical  compression  loading  stress  is  sufficient  to  modify  MEC  acini 
stability.  These  results  have  already  been  reported.  However,  one  of  the  issues  we  have  encountered 
with  the  current  device  is  that  long  term  studies  are  problematic  in  that  the  current  system  does  not 
permit  fluid  exchange.  Moreover,  the  gel  size  is  quite  small  and  therefore  gene  expression  studies  and 
protein  analysis  is  quite  challenging.  Therefore,  as  outlined  below  to  address  this  issue  we  are  in  the 
process  of  obtaining  design  drawings  to  build  an  in  house  set  of  compression  loading  devices  with  easy 
fluid  exchange  capabilities.  This  will  not  only  permit  long  term  studies  with  excellent  cell  feeding 
capabilities  but  will  also  permit  us  to  conduct  periodic  samples  of  conditioned  media.  This  should  help 
us  to  determine  whether  compression  loading  alters  the  expression  and  section  of  active  factors  e.g.  pro 
inflammatory  chemokines  and  cytokines  that  could  promote  tumor  evolution  and  progression  as  well  as 
modify  treatment  response. 
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Figure  8.  HPLC  Assay  for  Tissue  Collagen  Content  (Hydroxy-Proline). 

Line  graphs  showing  two  buffer  gradient  HPLC  fractionation  of  amino  acids  from  standard 
mixture  (A.)  or  acid  hydrolysates  of  purified  mouse  collagen  I  (B.)  and  mouse  mammary  gland 
#4  (equivalent  to  1  mg  wet  weight  of  tissue)  on  a  strong  cation  exchanger  (4.3  mm  x  25  mm 
column)  detected  by  absorbance  of  post  column  ninhydrin  derivatives  with  a  timed  programmed 
detector  change  from  440  nm  (secondary  amines  OH-Pro  and  Pro)  and  570  nm  (primary  amines) 
to  enhance  sensitivity  of  detection.  Peak  corresponding  to  OH-Pro  standard  is  circled  in  red  and 
the  corresponding  peak  in  collagen  (B.)  or  mouse  mammary  gland  samples  (C.)  is  indicated. 
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Figure  9.  HPLC  Assay  for  Tissue  Collagen  (and  Elastin)  Cross-links.  Collagen  cross-links  detected  and  resolved 
in  a  CF-1  bound  fraction  of  acid  hydrolysates  from  demineralized  bone  (A.)  and  human  normal  (prophylactic 
mastectomy  of  contralateral  breast,  Brca2+;  blue  trace)  and  human  tumor  (Invasive  Ductal  Carcinoma,  grade  II; 
Ductal  Carcinoma  In  Situ,  grade  I,  ER+/PR+,  Her2+,BrcaI/2-;  red  trace)  (B.)  by  HPLC  on  a  strong  cation  exchanger 
(4.3  mm  x  25  mm  column).A.  Identification  of  peaks  corresponding  to  HLKNL  (hydroxy-lysinoketonorleucine)  and 
A-HLNL  (dehydro-hydroxylysinonorleucine)  by  comparison  of  identical  samples  of  demineralized  bone  hydrolyzed 
with  (blue  trace)  or  without  (red  trace)  sodium  borohydride  reduction  prior  to  acid  hydrolysis.  Both  HLKNL  and  A- 
HLNL  are  destroyed  by  acid  hydrolysis  if  not  reduced  and  are  lost  from  the  trace.  HLKNL  is  more  abundant  than  A- 
HLNL  in  bone  and  is  expected  to  elute  before  A-HLNL  under  these  conditions  leading  the  indicated  assignments. 
The  same  quantity  of  reduced  sample  of  demineralized  bone  detected  with  post  column  derivatization  with  Ninhydrin 
and  detection  of  absorbance  at  570  nm  is  shown  in  the  inset  in  A.  as  compared  to  the  larger  trace  showing  fluorescent 
detection  of  pthaldialdehyde  derivatives  indicating  the  large  increase  in  sensitivity  obtained  using  fluorescent 
detection.  B.  Peaks  with  identical  retention  times  to  those  indicated  in  samples  from  demineralized  bone  are 
identified  as  HLKNL  and  A-HLNL  in  samples  of  human  normal  and  tumor  breast  tissue.  Presumptive  elastin  cross¬ 
links,  isodesmosine  (I-Des)  and  desmosine  (Des)  (tentative  identification  based  on  elution  positions  of  cross-links  in 
published  chromatograms  assayed  under  identical  conditions  and  incompletely  resolved)  are  also  indicated. 
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g.  To  modify  the  existine  bio  reactor  so  that  it  is  encompasses  a  fluid  exchanee  system  that  will 
allow  us  to  change  media  and  maintain  longer  term  culture  conditions.  We  are  also  keen  to  try  to 
assess  the  effects  of  hypoxia  AND  mechanical  changes  in  microenvironment  together  since  these 
two  characteristics  so  often  are  changed  in  tandem  in  human  breast.  Both  conditions  are  known 
to  drive/modulate  treatment  responsiveness.  Thereafter,  once  the  bioreactor  has  been  developed 
we  will  assess  short  term  and  long  term  consequences  of  modulating  mechanical  force  on 
mammary  epithelial  cell  morphogenesis,  proliferation,  survival  and  invasiveness  -  in  breast  cells 
that  are  nonmalignant  and  those  that  harbor  pre  malignant  oncogenic  and  tumor  suppressor 
changes  (see  above).  (Months  12-24).  We  are  in  the  process  of  obtaining  CAD  CAM  blueprints 
from  our  collaborators  at  Olin  Engineering  College  to  build  our  modified  device  at  UCSF. 

h.  Usine  new  eeneration  of  biocompatible  materials  assess  the  responsiveness  of 

nonmalignant  and  oncogenicallv/tumor  suppressor  modified  breast  cells  to 

chemotherapeutic  agents  including  doxorubicin,  etoposide,  paclitaxel  and  gamma  radiation  as 
well  as  immune  receptor  activators  such  as  TNFa  and  TRAIF.  This  will  be  deduced  through 
viability  assays,  apoptosis  analysis  and  clonogenic  survival  curves  and  will  encompass  dose 
dependency  assessment  as  well  as  time  course  analysis.  (Months  12-24).  These  studies  are  now 
in  process. 

Our  SAP  studies  illustrated  that  we  could  use  these  self  assembling  peptide  polymer  gels  provided  they 
were  spiked  with  small  quantities  of  purified  laminin  or  reconstituted  basement  membrane  to  generate 
mammary  acini  that  recapitulate  that  achieved  using  reconstituted  basement  membrane  gels  or  collagen 
gels  spiked  with  basement  membrane  (see  Miroshinova  et  ah,  J  Physical  Biology  2011;  attachment  2; 
figure  1  &  2).  We  also  determined  that  increasing  the  concentration  of  the  SAPs  gels  increased  their 
stiffness  and  this  was  sufficient  to  destabilize  mammary  epithelial  tissue  architecture.  Importantly,  we 
noted  that  while  increasing  ECM  stiffness  by  elevating  collagen  concentration  simultaneously  reduced 
pore  size,  altered  ECM  fiber  diameter  and  increased  ligand  binding  sites  in  the  range  of  stiffness  we 
used  for  the  SAPs  gel  experiments  none  of  these  compounding  effects  were  observed.  This  means  that 
we  now  have  for  the  first  time  ever  a  tractable  system  with  which  to  manipulate  ECM  stiffness 
independently  and  study  effects  on  tumor  progression  and  treatment  response.  Indeed,  independently 
increasing  ECM  stiffness  using  the  SAPs  gels  also  suggested  that  ECM  stiffness  per  se  might  be 
sufficient  to  induce  breast  cell  invasion  EVEN  in  the  absence  of  overt  oncogenic  changes!  We  also 
worked  out  methods  to  conduct  immunohistochemistry  and  monitor  gene  expression.  These  studies 
illustrated  that  not  only  does  ECM  stiffness  change  the  morphology  of  mammary  epithelial  tissues  but 
stiffness  additionally  modifies  gene  expression  towards  that  found  in  breast  tumors  including  increasing 
total  fibronectin  gene  and  protein  expression  and  elevating  levels  of  the  epidermal  growth  factor 
receptor  (see  Miroshinova  et  ah,  J  Phyiscal  Biology  2011;  attachment  2;  figures  3  &  4). 

i.  Complete  revisions  required  to  publish  articles  identifying  a  novel  repressor  mechanism  that 
inhibits  efficient  treatment  responsiveness  in  breast  tumors  that  is  mediated  through  N- 
CoR2/HDAC3.  This  work  is  STILL  in  PROGRESS  and  we  now  hope  that  after  further 
modifications  we  should  be  finally  able  to  have  the  article  accepted  for  publication  in  a 
sufficiently  high  profile  journal. 

This  article  was  previously  submitted  to  Nature  Medicine  and  last  year  we  were  optimistic  that  we 
would  finally  have  word  that  the  article  was  accepted  and  would  be  published.  However,  this  task  is 
more  challenging  than  originally  anticipated.  The  article  showed  that  Nuclear  co-repressor  2 
(NCoR2/SMRT)  is  part  of  the  epigenetic  mechanism  which  enhances  cell  survival  by  inhibiting  pro- 
apoptotic  and  pro-inflammatory  genes  and  through  which  tumors  resist  treatment  (see  Tsai  et  ah, 
revision  Nature  Medicine;  attachment  3).  NCoR2/SMRT  (Silencing  Mediator  of  Retinoid  and  Thyroid 
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hormone  receptors)  and  NCoR  (Nuclear  hormone  receptor-Co-Repressor)  were  originally  identified  as 
co-repressors  for  nuclear  receptors  however  we  and  others  now  have  demonstrated  that  the  molecule 
works  as  a  more  generic  scaffolding  molecule  that  can  equally  inhibit  and  stimulate  gene  expression 
We  found  much  to  our  surprise  that  the  molecule  was  significantly  up-regulated  in  treatment  resistance 
breast  tissues.  When  we  generated  an  NCoR2  gene  regulation  signature  we  could  demonstrate  that  this 
gene  expression  signature  had  profound  prognostic  power.  (Months  0-12) 

Last  year  we  finally  received  reviews  back  from  Nature  Medicine  that  requested  extensive  new 
experiments.  Therefore  to  address  reviewer's  comments  and  editorial  suggestions  we  extensively  revised 
the  article  and  extended  our  original  findings  to  identify  a  novel  bystander  mediated  death  regulatory 
mechanism.  This  was  illustrated  by  demonstrating  that  NCoR2  interacts  with  and  modifies  the  activity 
of  a  key  transcription  factor  that  regulates  inflammation  and  death  induction  in  breast  cells  by 
outcompeting  CBP  (see  Tsai  et  ah,  revision  Nature  Medicine;  attachment  3;  figure  6).  The  article  was 
therefore  resubmitted  for  consideration  late  fall  2010.  However,  despite  the  fact  that  these  data  are 
highly  significant  a  new  set  of  reviewers  again  sent  back  a  long  list  of  comments  and  suggested 
experiments.  The  reviewers  remain  unconvinced  by  some  of  the  findings.  This  has  more  to  do  with  the 
fact  that  conventional  wisdom  views  tumor  cell  survival  as  essentially  a  cell  intrinsic  mechanism 
dictated  primarily  by  a  balance  of  pro  apoptotic  and  anti  apoptotic  signaling  as  well  as  regulated 
autophagy.  Our  data  instead  posit  that  treatment  responsiveness  is  contingent  upon  initiating  a  tissue 
wide  amplification  that  depends  upon  up-regulation  of  pro  inflammatory  pro  death  secreted  gene/factors. 
This  fact  is  based  upon  clinical  observations  and  recent  findings  that  virtually  all  therapies  in  tissues 
respond  through  up  regulation  of  factors  such  as  TRAIL  which  can  stimulate  death  induction  in 
surrounding  cells.  Yet,  the  main  stream  research  community  takes  time  and  intensive  experimental 
evidence  before  they  will  accept  such  a  new  idea. 

My  group  has  been  studying  the  role  of  cell  and  tissue  context  in  tumorigenesis  of  the  breast  and 
treatment  responsiveness.  We  are  highly  committed  to  exploring  this  important  issue  so  despite  such 
difficulties  in  publishing  our  findings  we  intend  to  continue  the  work  until  such  time  as  it  has  been 
accepted.  Thus  reviewers  requested  the  addition  of  yet  more  experiments  in  animals  and  additional 
molecular  manipulations.  Another  critique  has  to  do  with  clinical  relevance.  Although  we  could 
definitively  show  that  an  NCoR2  gene  signature  could  accurately  predict  treatment  resistance  and 
patient  disease  recurrence  and  mortality  the  reviewers  insist  upon  further  studies.  They  could  not  believe 
that  NCoR2  could  be  a  conserved  mechanism  that  elicits  resistance  to  treatment.  In  particular,  with  such 
a  strong  trend  emphasizing  personalized  medicine  and  signaling  pathway  or  oncogene  involvement  they 
are  insisting  that  we  identify  whether  this  pathway  is  enriched  in  tumor  initiating  or  stem  like  cells  or  is 
more  represented  in  one  sub  class  of  breast  tumors.  Accordingly,  we  are  now  in  the  midst  of  conducting 
experiments  to  address  these  newest  concerns.  We  are  in  the  process  of  determining  whether  NCoR2 
regulated  genes  might  prove  useful  for  predicting  non-responsiveness  in  high  grade  non-responsive 
triple  negative  human  breast  tumors.  This  is  being  done  through  access  of  additional  micro  array  data 
sets  as  well  as  by  collaborations  with  Laura  Esserman  and  Laura  Van  Der  Veer  at  UCSF  with  the 
ongoing  clinical  trials  for  triple  negative  breast  cancer  as  well  as  collaborations  with  Alana  and  Bryan 
Welm  at  the  Huntsman  Cancer  Clinic,  University  of  Utah  in  Salt  Lake  City,  Utah.  These  next  4-6 
months  will  be  dedicated  to  completing  new  studies  and  resubmitting  the  manuscript  either  back  to 
Nature  Medicine  or  else  to  another  suitable  high  profile  Cancer  related  journal. 

In  addition  to  these  ongoing  studies  we  have  been  exploring  additional  mechanisms  by  which  NCoR2 
could  influence  breast  tumor  aggression  and  treatment  resistance.  Both  NCoR2  and  NCoRl  make  direct 
contact  with  their  nuclear  receptor  partners  and  then  recruit  additional  components  of  a  large  corepressor 
complex  that  includes  HDACs,  TBLl,  TBLRl  and  GPS2^^'^^.  NCoR  and  NCoR2  also  mediate 
transcriptional  regulation  by  variety  of  other  factors,  such  as  NF-kB^^,  serum  response  factor^’,  AP-1 
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proteins^^  Smads^^  RBP-Jk/CBF-1^^  c-Myb^^  PLZF,  BCL-6^',  PBX/Hox  proteins^^  ETO-1  and  ETO- 
2^^,  and  MyoD^"^  among  others. 

Our  earlier  work  showed  that  NCoR2  enhances  cell  survival  of  mammary  epithelial  cells  by  recruiting 
and  activating  histone  deacetylase  3  (HDAC3),  which  prevents  the  expression  of  key  apoptotic 
mediators  including  the  death  receptor  ligand  tumor  necrosis  factor-related  apoptosis-inducing  ligand 
(TRAIL)  (Tsai  manuscript  in  revision,  attachment  3).  Three  regions  of  the  co-repressors  mediate  the 
interaction  with  HDAC3,  the  most  N-terminal  of  these  regions  (deacetylase  activation  domain,  DAD) 
not  only  binds  HDAC3,  but  also  activates  the  enzyme,  which  is  otherwise  inert^^’^^.  In  addition  to 
HDAC3  (class  I  HDAC),  NCoR2  interacts  with  class  II  HDACs:  HDAC4,  HDAC5  and  HDAC7,  but  in 
vitro  experiments  showed  that  these  HDAC  proteins  do  not  possess  intrinsic  enzymatic  activity  and 
moreover  they  are  inactive  in  the  context  of  the  NCoR2-HDAC3  complex  and  do  not  contribute  to  its 
enzymatic  activity,  which  suggests  that  class  II  HDACs  regulate  transcription  by  bridging  the 
enzymatically  active  NCoR2/NCoR-HDAC3  complex  and  select  transcription  factors  independently  of 
any  intrinsic  HDAC  activity^’’^*.  In  contrast  to  class  I  HDACs,  which  are  ubiquitously  expressed  in  most 
cell  types,  class  II  HDACs  are  expressed  in  tissue  specific  manner  and  have  been  implicated  in  the 
regulation  of  muscle  and  cardiomyocyte  differentiation  and  in  the  processes  of  thymocyte  maturation^^  '^*’. 
Class  II  HDACs  have  been  shown  to  physically  interact  with  several  tissue-specific  transcriptional 
factors,  among  others  with  myocyte  enhancer  factor  2  (MEF2)  transcription  factors"^ MEF2D  and 
MEF2C  members  of  the  MEF2  family  of  transcription  factors  also  directly  bind  HDAC3  (class  I 
HDAC).  The  interaction  between  HDAC3  and  MEF2  proteins  is  mediated  through  MADS  box,  a 
domain  contributing  to  DNA-binding  properties  of  MEF2  factors"^"^.  The  MEF2  region  responsible  for 
binding  to  HDAC4/5/7/9  is  the  second  part  of  the  DNA-binding  domain  localized  away  from  the  MADS 
domain"^^.  Moreover,  in-vitro  experiments  showed  that  HDAC3,  but  not  the  other  HDACs  interacting 
with  MEF2D  deacetylated  and  thus  modulated  its  transcriptional  activity.  MEF2D  also  directly 
interacted  with  full-length  NCoR2  protein,  which  proved  that  MEF2D,  HDAC3  and  NCoR2  form  a 
trimeric  complex  and  that  NCoR2  cooperates  with  HDAC3  to  repress  MEF2-dependent  transcription"^"^. 

The  function  of  MEF2D  and  its  interacting  HDAC7  has  been  further  studied  in  the  context  of  thymocyte 
maturation.  HDAC7  is  highly  expressed  in  CD4+,  CD8+  double-positive  thymocytes,  where  it  inhibits 
the  expression  of  Nur77,  an  orphan  receptor  involved  in  apoptosis  and  negative  thymocyte  selection,  via 
the  transcription  factor  MEF2D.  In  resting  thymocytes,  the  complex  of  MEF2D-HDAC7  is  nuclear  and 
functions  as  transcriptional  repressor.  HDAC7  plays  a  critical  role  in  determining  the  threshold  level  at 
which  a  developing  T  cell  undergoes  positive  versus  negative  selection,  modulating  the  apoptotic 
response  of  developing  thymocytes  in  response  to  T-cell  receptor  (TCR)  activation.  Upon  TCR 
activation,  HDAC7  is  exported  from  the  nucleus  leading  to  Nur77  expression  and  TCR-mediated 
apoptosis"^*^’"^^.  HDAC7  is  exported  to  the  cytoplasm  by  a  calcium- independent  signaling  pathway  after 
TCR  activation.  PKDl,  a  serine/threonine  kinase,  which  is  activated  after  TCR  activation"^^  interacts 
with  HDAC7  and  phophorylates  three  serine  residues  at  its  N-terminus  leading  to  the  export  of  HDAC7 
from  the  nucleus"^^.  Later  after  TCR  activation  myosin  phosphatase  specifically  interacts  and 
dephosphorylates  HDAC7,  which  leads  to  nuclear  import  of  HDAC7.  In  the  nucleus  HDAC7  interacts 
with  MEF2D  and  they  cooperatively  repress  Nur77  expression  and  thus  inhibit  the  apoptosis"^^.  HDAC7 
has  been  also  reported  a  subject  of  nucleocytoplasmic  shuttling  in  response  to  VEGF.  VEGF  plays  a  key 
role  in  angiogenesis  by  regulating  proliferation,  migration  and  survival  of  endothelial  cells.  VEGF 
induces  phosphorylation  of  HDAC7  via  protein  kinase  D,  which  promotes  nuclear  export  of  HDAC7 
and  activation  of  VEGF -responsive  genes  in  endothelial  cells"^*. 

Although  NCoR2  and  it  interacting  HDACs  have  been  mostly  studied  in  the  context  of  thymocyte 
maturation  and  muscle  differentiation  epigenetic  regulation  of  gene  transcription  is  becoming 
particularly  interesting  in  the  cancer  field.  The  result  of  epigenetic  alterations  can  be  aberrant 
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transcriptional  regulation  that  leads  to  change  of  expression  pattern  of  genes  involved  in  cellular 
proliferation,  survival  and  differentiation"^^’^*^.  Data  suggest  that  deregulation  of  acetylation  and 
deacetylation  leads  to  abnormal  gene  expression  in  some  forms  of  cancer^\  For  example,  histone  hypo- 
acetylation  associated  with  abnormal  recruitment  of  HDACs  to  promoter  of  tumor  suppressor  genes  has 
been  shown  to  be  related  to  the  initiation  and  progression  of  acute  promyelocytic  leukemia^^.  Consistent 
with  this  observation,  HDACs  are  overexpressed  in  prostate,  colon  and  breast  cancers  '  ,  which  makes 
them  promising  anti-cancer  drug  targets^^. 

We  observed  that  HDAC-interacting  NCoR2  protein  was  significantly  elevated  in  3D  organotypic 
cultures  of  mammary  epithelial  cells  and  this  elevated  NCoR2  expression  endowed  them  a  resistance  to 
cytotoxic  drugs  and  radiation  (Tsai,  manuscript  in  revision;  attachment  3),  a  phenotype  similar  to  the 
multidrug  resistance  phenotype  found  in  human  cancers^^’^*^.  While  elevated  NCoR2  expression  level  is 
associated  with  tumor  progression  and  treatment  resistance  in  breast  cancers,  the  NCoR2  is  also 
relatively  broadly  expressed  in  normal  tissue.  This  observation  indicates  that  NCoR2  has  probably 
different  functions  in  normal  and  tumor  tissue.  It  is  believed  that  the  level  of  NCoR2  expression,  as  well 
as  binding  of  NCoR2  to  different  proteins  contributes  to  different  functions  of  NCoR2  in  normal  and 
transformed  epithelial  cells.  Accordingly  we  have  been  focusing  on  the  identification  and 
characterization  of  other  proteins,  which  are  part  of  the  epigenetic  NCoR2-HDAC  complex  in  the 
context  of  normal  and  tumor  breast  tissue. 

Although  MEF2D  transcription  factor  has  been  shown  to  interact  with  HDAC3  and  through  other 
HDACs  with  NCoR2  in  maturing  thymocytes"^’^  '^^  and  during  muscle  differentiation^',  there  is  not  much 
known  whether  MEF2D  or  other  MEF2  factors  play  a  role  in  tumor  progression  and  treatment 
responsiveness.  In  vitro  data  suggest  that  up-regulated  MEF2C  levels  possibly  play  a  role  in  the 
invasiveness  of  myeloid  leukemia  cells^^’^^.  Since  MEF2  transcription  factors  have  never  been 
systematically  studied  in  the  processes  of  breast  cancer  tumor  progression  and  treatment  we  have  been 
examining  whether  MEF2  proteins  play  a  role  in  breast  tumorigenesis  and  breast  tumor  cell  survival  and 
if  so  whether  this  role  is  mediated  through  their  interaction  with  epigenetic  complex  NCoR2-HDACs. 

In  vertebrates  MEF2  family  of  transcription  factors  comprises  of  four  members:  MEF2A,  MEF2B, 
MEF2C  and  MEF2D^"'.  MEF2  proteins  contain  a  highly  conserved  MADS-box  and  adjacent  MEF2 
domain,  which  together  mediate  binding  to  DNA  and  interaction  with  protein  partners.  They  exhibit 
partially  overlapping  expression  patterns  in  during  embryogenesis  and  in  the  adult  tissues,  with  the 
highest  expression  in  cardiac  and  skeletal  muscles  and  in  the  brain^^.  MEF2  proteins  play  a  role  in  many 
processes:  in  cardiac  and  skeletal  muscle  growth  and  differentiation^*^'^^,  T-cell  apoptosis  during 
thymocyte  maturation""'  "'^,  control  of  neuronal  differentiation  and  survival^^’’'.  Interestingly,  MEF2C 
protects  differentiating  neurons  from  apoptotic  death,  which  is  in  contrast  with  the  pro-apoptotic  role  of 
MEF2D  during  thymocyte  development. 

Breast  malignancy  is  associated  with  reduced  MEF2C  expression 

To  determine  the  expression  levels  of  MEF2  genes  we  performed  quantitative  RT-PCR  analysis  in 
normal  breast  tissue  and  in  samples  from  primary  breast  tumors.  The  analysis  showed  that  levels  of 
MEF2C  transcript  were  significantly  reduced  in  ER-I-/PR+  (-46%)  and  ER-/PR-  (-59%)  primary 
mammary  tumors  compared  to  normal  breast  tissue  (see  Figure  lOA).  Similar  analyses  of  MEF2A  and 
MEF2D  transcription  levels  did  not  show  statistically  significant  results. 

Analysis  of  the  level  of  expression  MEF2C  from  the  NKI-295  data  set^^  representing  patients  with 
and  without  metastasis. 


26 


W81XWH-05-1-330  Principal  Investigator:  Weaver.  Valerie  M,  Ph.D. 

The  NKI-295  data  set  contains  gene  expression  profiles  of  breast  cancer  biopsies  collected  from  295 
patients  with  primary  invasive  breast  carcinoma.  The  Student’s  t-test  with  equal  variance  showed  that 
MEF2C  expression  was  significantly  reduced  in  patients  with  metastasis  compared  to  non-metastatic 
patients  (p=0.023)  (Figure  lOB).  These  results  are  at  least  consistent  with  the  notion  that  reduced 
MEF2C  expression  is  associated  with  breast  malignancy  and  it  is  more  pronounced  in  patients  with 
more  aggressive  disease,  such  as  in  patients  with  distant  metastasis. 

Low  MEF2C  expression  is  associated  with  decreased  survival  and  shorter  disease-free  period  in 
breast  cancer  patients 

We  next  examined  whether  the  low  or  high  expression  level  of  MEF2A,  MEF2B,  MEF2C  and  MEF2D 
genes  was  associated  with  survival  and  occurrence  of  metastasis  in  breast  cancer  patients.  To  answer  this 
question  we  used  publicly  available  NKI-295  data  set  of  gene  expression  microarray  data  of  breast 
tumor  biopsies  and  their  accompanying  clinical  outcome  data  .  The  NKI-295  data  set  was  obtained 
from  Rosetta  Inpharmatics  fhttp://www.rii.com/publications/2002/neim.htmll.  This  data  set  contains 
gene  expression  profile  of  24,496  genes  in  breast  cancer  biopsies  collected  from  295  patients  with 
primary  invasive  breast  carcinoma  and  clinical  data  with  the  outcomes  from  patients  of  the  same  cohort. 
The  expression  levels  of  MEF2A  (NM_005587),  MEF2B  (NM_005919),  MEF2C  (NM_002397)  and 
MEF2D  (NM_005920)  were  set  as  dichotomous  variables  with  “high”  expression  defined  to  be  more 
than  1.2  times  the  average  expression  level  for  all  patients  in  the  cohort.  All  other  patients  were 
classified  as  having  “low”  expression  of  the  particular  gene.  The  statistical  analyses,  which  included 
Kaplan-Meier  estimates,  log-rank  test,  Cox-proportional  hazards  model  and  unpaired  Student’s  t-test 
was  performed  in  statistical  software  STATA.  The  log-rank  analyses  were  used  to  correlate  high  and 
low  expression  of  MEF2  genes  with  patient  survival.  These  analyses  showed  that  only  MEF2C 
expression  levels,  but  not  the  levels  of  other  MEF2  genes  correlated  with  patient’s  survival.  The  log- 
rank  test  showed  statistically  significant  difference  between  high  and  low  MEF2C  expression  and 
patient’s  survival  (p=0.02).  The  corresponding  Kaplan-Meier  (K-M)  curves  documented  that  low 
MEF2C  expression  is  associated  with  decreased  survival  in  breast  cancer  patients  (Figure  11  A).  The 
Cox-proportional  hazards  model  of  the  high  and  low  MEF2C  expression  and  patient  survival  showed 
statistically  significant  result  (HR=0.57;  p=0.023;  95%CI  0.35  to  0.92).  This  result  indicates  that  the  risk 
of  death  is  43%  lower  for  person  with  high  MEF2C  expression  than  for  person  with  low  MEF2C 
expression.  As  expected,  the  Cox-regression  analyses  of  MEF2A,  MEF2B  and  MEF2D  expression  and 
patient  survival  did  not  show  statistically  significant  results. 

We  then  examined  whether  the  expression  level  of  MEF2  genes  correlated  with  the  recurrence  of  the 
disease  defined  by  diagnosis  of  metastasis.  Similarly  to  survival  analysis,  only  MEF2C  was  significantly 
correlated  with  remaining  disease-free  (p=0.003).  The  K-M  curves  showed  that  low  level  of  MEF2C 
expression  is  associated  with  shorter  disease-free  period  in  breast  cancer  patients  (Figure  IIB).  The 
Cox-proportional  hazards  model  of  MEF2C  expression  and  remaining  metastasis-free  showed  that  the 
hazard  of  developing  metastasis  is  47%  lower  for  patients  with  high  MEF2C  level  than  for  patients  with 
low  MEF2C  level  and  this  result  was  statistically  significant  (HR=0.53;  p=0.004;  95%CI  0.34  to  0.81). 
We  also  performed  subgroup  analyses  to  assess  whether  MEF2C  level  can  predict  survival  in  patients 
with  lymph  node  positive/negative  and  estrogen  receptor  positive/negative  subgroups.  Neither  the  result 
of  the  log-rank  analysis  of  MEF2C  level  and  patient  survival  in  the  patients  with  lymph  node  positive 
status  (p=0.18)  nor  the  result  of  the  analysis  of  MEF2C  level  and  patient  survival  in  the  patients  with 
lymph  node  negative  status  (p=0.06)  showed  statistically  significant  result,  although  the  result  of  the 
lymph  node  negative  subgroup  was  approaching  the  level  of  statistical  significance.  The  log-rank 
analyses  of  MEF2C  expression  and  patient  survival  in  estrogen  receptor  1  (ERl)  positive  and  ERl 
negative  subgroups  showed  dramatically  different  results.  While  the  high  level  of  MEF2C  expression 
was  highly  correlated  with  increased  survival  in  patients  with  ER+  tumors  (p=0.007)  (Figure  1 1C),  the 
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level  of  MEF2C  expression  was  not  correlated  with  patient  survival  in  ER-  subgroup  (p=0.56)  (Figure 
1  ID).  These  data  at  least  are  consistent  with  the  idea  that  the  level  of  MEF2C  transcription  factor  might 
be  used  to  predict  metastatic  dissemination  and  survival  in  breast  cancer  patients.  Low  expression  level 
of  MEF2C  transcription  factor  significantly  correlates  with  shorter  patient  survival  and  with  higher 
occurrence  of  metastasis.  Interestingly,  the  subgroup  analysis  revealed  that  perhaps  the  level  of  MEF2C 
gene  is  strongly  associated  with  survival  only  in  patients  with  estrogen  receptor  positive,  but  not  in 
patients  with  estrogen  receptor  negative  tumors  which  differ  from  results  obtained  using  the  NCoR2 
signature  which  suggests  a  stronger  relationship  to  triple  negative  breast  tumors.  This  work  is  very 
preliminary  however  and  will  require  extensive  experimentation.  We  also  need  to  assess  relationship  to 
NCoR2  and  HD  ACS  expression  and  function  that  associate  with  MEF2C. 

MEF2C  modulates  survival  of  mammary  epithelial  cells 

To  explore  the  relationship  of  MEF2C  expression  and  tumor  cell  grade,  we  examined  the  effect  of 
MEF2C  loss  on  survival  and  tissue  differentiation  of  mammary  epithelial  cells.  We  found  that  MEF2C  is 
moderately  expressed  in  non-malignant  mammary  epithelial  cell  line  MCFIOA  and  were  essentially 
undetectable  in  the  ER-,  basal-like  breast  cancer  cell  line  MDA-MB-23 1  (data  not  shown).  The  status  of 
MEF2C  in  a  panel  of  breast  tumor  cell  lines  is  under  way. 

Nevertheless,  to  address  the  functional  significance  of  MEC2C  and  to  determine  if  the  molecule 
regulates  breast  cell  survival  we  used  siRNAs  to  knock-down  MEF2C  levels  in  MCFIOA  cells.  We 
obtained  a  variety  of  MEF2CshRNA  lentiviral  clones  to  knockdown  the  gene  and  determined  that  one 
clone  (#15813,  Sigma)  was  quite  effective  at  reducing  overall  steady  state  MEF2C  levels. 

After  verifying  efficient  MEF2C  knockdown  we  assayed  for  effects  on  mammary  tissue  morphogenesis 
using  the  reconstituted  basement  membrane  assay.  We  could  show  that  loss  of  MEF2C  had  little  to  no 
effect  on  basal  polarity  and  cell-cell  junction  formation  as  indicated  by  the  ability  of  the  breast  cells  to 
deposit  an  endogenous  basement  membrane  indicated  by  laminin  5  immunostaining  at  their  basal 
domains  and  to  localize  beta  catenin  at  cell-cell  junctions  (Figure  12,  top).  However,  and  most 
procovatively  and  consistent  with  its  association  with  HDAC3  and  NCoR2  MEF2C  loss  led  to 
retardation  of  lumen  formation  and  reduced  apoptosis  induction  induced  in  the  breast  epithelial  cells 
located  within  the  central  region  of  the  mammary  spheroids.  Thus,  the  mammary  colonies  with  reduced 
levels  of  MEF2C  failed  to  clear  their  lumens  even  after  3  weeks  of  culture  within  reconstituted  basement 
membrane  (see  Figure  14  for  quantification)  and  this  was  likely  due  to  reduced  apoptosis  induction 
through  loss  of  basement  membrane  interactions  as  indicated  by  lower  levels  of  activated  caspase  3  (see 
Figure  13).  These  observations  indicate  that  MEF2C  interactions  with  NCoR2/HDAC3  may  be 
regulating  breast  epithelial  cell  survival.  In  the  next  year  we  will  complete  these  studies  and  write  and 
submit  an  article  for  publication.  We  are  anxious  to  determine  if  MEF2C  co  association  with 
NCoR2/HDAC3  might  provide  additional  insight  into  the  molecular  function  of  NCoR2  in  normal 
versus  breast  tumor  cells. 
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Breast  malignancy  is  associated  with  reduced  MEF2C  expression. 


Figure  10  MEF2C  expression  is  significantly  reduced  in  breast  cancer  compared  to  normal 
breast  tissue. 


lOA  lOB 


Figure  lOA:  MEF2C  mRNA  levels  (normalized  to  18S)  are  decreased  in  ER+/PR+  (N=10; 
p=0.013)  and  in  ER-/PR-  (N=15;  p=0.005)  primary  mammary  tumors  compared  to  non- 
malignant  tissue  (N=5). 

Figure  lOB:  MEF2C  expression*  is  reduced  in  samples  from  patients  with  metastasis  (met, 
N=101)  compared  to  patients  without  metastasis  (no  met,  N=194;  p=0.023)  in  the  NKI-295 
dataset  (*  in  logarithmic  scale  normalized  to  the  mean  intensity  for  all  samples). 
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Fig.ll  Low  MEF2C  expression  is  associated  with  decreased  survival  and  shorter  disease- 
free  period  in  breast  cancer  patients.  The  NKI-295  data  set  [van  de  Vijver  2002]  was  obtained 
from  Rosetta  Inpharmatics.  The  predictor-intensity  of  gene  expression  was  dichotomized  with 
“high”  expression  defined  to  be  more  than  1 .2  times  the  mean  expression  level  for  all  patients  in 
the  cohort. 
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Figure  11  A:  Low  MEF2C  expression  is  associated  with  decreased  survival  in  breast  cancer 
patients  (p=0.02). 

Figure  IIB:  Low  MEF2C  expression  is  associated  with  shorter  disease- free  period  in  breast 
cancer  patients  (p=0.003). 
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Figure  IIC,  IID:  Subgroup  analysis:  low  MEF2C  level  is  associated  with  shorter  survival  only 
in  estrogen  receptor  1  positive  (ER+)  (N=226;  p=0.007),  but  not  in  ER-  (N=69;  p=0.56)  patients. 
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Fig.  12  Immunofluorescence  images  of  P-catenin  (red),  P4  integrin  (green),  laminin-5  (green) 
and  nuclei  (blue)  in  non-malignant  MCFIOA  colonies  and  in  colonies  of  MCFIOA  cells 
expressing  MEF2C  shRNA.  The  cells  have  been  cultured  for  21  days  in  matrigel  (scale 
bar=20|am). 
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Figure.  13  Immunofluorescence  images  of  caspase-3  (red),  phalloidin  (green)  and  nuclei  (blue) 
in  non-malignant  MCFIOA  colonies  and  in  colonies  of  MCFIOA  cells  expressing  MEF2C 
shRNA.  The  cells  have  been  cultured  for  14  days  in  matrigel  (scale  bar=20pm). 
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Figure  14  Bar  graph  quantifying  lumens  observed  in  MCFIOA  colonies  (N=100)  and  in  colonies 
of  MCFIOA  cells  expressing  MEF2C  shRNA  (N=100)  that  have  been  cultured  in  matrigel  for  21 
days. 
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Extracellular  Matrix  Context  Dictates  Cell  Survival 


In  addition  to  these  studies  on  MEF2C  we  have  begun  to  explore  why  cells  encountering  a  matrix  in 
three  dimensions  and  not  two  dimensions  exhibit  such  a  profound  enhancement  of  their  survival 
phenotypes.  This  has  led  us  to  explore  in  more  detail  the  role  of  ECM  topology  in  cell  survival. 

Apoptosis  resistance  plays  a  key  role  in  malignant  transformation,  metastasis  and  development  of  multi¬ 
drug  resistance  in  breast  cancer^^.  In  mammalian  cells,  growth  and  apoptosis  programs  can  be  switched 
by  either  promoting  or  preventing  cell  spreading^"^.  Cell  spreading  is  mediated  by  interaction  and  binding 
of  integrins  in  the  plasma  membrane  to  the  extracellular  matrix  and  integrin  adhesion  is  considered  to 
promote  cell  survival.  Furthermore,  earlier  work  from  our  lab  showed  that  in  non-spread  mammary 
epithelial  cells  (MEC)  grown  in  3D  to  form  acinis,  cell  survival  is  directed  by  a6p4  integrin  binding  to 
laminin  and  requires  Rad  and  NFkB^’^^’^^.  However  it  is  not  known  how  non-spread  single  cells  survive 
in  3D  before  dividing  and  forming  multicellular  structures. 

The  third  dimension  promotes  survival  in  the  absence  of  spreading. 

To  address  this  issue  of  non-spread  cell  survival  in  3D,  we  generated  laminin- 1  coated  micro-fabricated 
matrices  with  defined  surface  area  to  restrict  MEC  spreading  while  maintaining  laminin-ligation  of 
integrin  receptors  constant’’.  Consistent  with  what  has  been  previously  reported  for  endothelial  cells  on 
fibronectin  coated  surfaces’"^,  we  observed  that  cell  spreading  is  also  critical  for  MEC  viability  in  2D 
(Figure  15A  and  15B).  Spreading  surface  had  to  be  higher  than  a  square  of  25  pm  size  to  exhibit  similar 
survival  rates  as  cells  spread  on  unpattemed  surfaces,  without  spreading  limitations.  MECs  viability  was 
also  severely  compromised  when  we  plated  MECs  on  compliant  (140-400  Pascals)  2D  basement 
membrane  or  laminin- 1  conjugated  polyacrylamide  gels  (PA  gels)  (Figure  15C)  where  MECs  do  not 
spread.  This  was  in  striking  contrast  to  the  continued  maintenance  of  growth  and  viability  observed  in 
2D  cultures  of  MECs  plated  on  basement  membrane-conjugated  stiff  gels  which  support  cell  spreading*®. 

To  determine  whether  dimensionality  could  account  for  the  enhanced  viability  in  non-spread  MECs 
embedded  within  reconstituted  basement  membrane  gels,  we  overlaid  the  non-spread  MECs  plated 
either  on  the  micro-fabricated  laminin-coated  surfaces  (8,  12  and  17  pm  squares)  or  on  the  soft  basement 
membrane-conjugated  PA  gels  with  either  200  pg/ml  of  reconstituted  basement  membrane  (Matrigel)  or 
purified  laminin-1  (150  pg/ml)  (Figure  15C  and  15D).  In  both  instances,  application  of  three 
dimensional  laminin  extracellular  matrix  was  able  to  significantly  rescue  cell  viability. 

Laminin  binding  to  a6|34  integrin  mediates  spreading  independent  survival  in  the  third  dimension. 

To  further  characterize  the  components  of  the  extracellular  matrix  and  its  integrin  ligand  needed  to 
maintain  cells  alive  in  3D,  fibronectin  or  collagen  was  applied  as  overlay  at  150  pg/ml  each  on  micro- 
fabricated  with  the  8  pm  square  pattern.  None  of  those  two  matrices  was  able  to  restore  cellular  viability 
to  non-spread  MECs,  suggesting  that  cell  viability  of  MECs  in  3D  depends  upon  a  laminin  extracellular 
matrix  (Figure  16 A).  The  two  major  receptors  for  laminin  known  in  MECs  are  integrin  a3pi  and  a6p4 
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.  We  showed  that  integrin  a6p4  binding  to  autocrine  laminin-5  is  essential  for  anchorage-independent 
survival  in  a  3D  matrix  of  mammary  epithelial  tumor  cells’^.  However,  the  MECs  cells  used  in  this 
study  (MCF-lOA  and  HMT-3522  SI)  are  non-malignant  mammary  epithelial  cells.  To  indentify  the 
potential  binding  partner,  we  blocked  integrin  pi  or  P4  receptors  with  function  blocking  antibodies  for 
24  hours  in  cells  grown  in  3D  with  a  laminin  overlay  on  micro-fabricated  surfaces  with  a  pattern  of  8 
pm  side  length  and  determined  effects  on  cell  viability.  Compared  to  cells  in  a  3D  laminin  overlay  with 
or  without  IgG  as  controls,  in  these  short  term  cultures,  only  blocking  p4  integrin  compromised  the 
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viability  of  non- spread  MEC  cells  in  3D  (Figure  16B),  corroborating  that  spreading  independent  survival 
in  3D  is  mediated  by  |34  integrin.  To  directly  determine  if  |34  integrin  is  necessary  for  MEC  survival,  we 
knocked  down  |34  integrin  using  lentiviral  shRNA.  After  validating  that  P4  integrin  levels  were 
significantly  reduced,  viability  of  MECs  in  3D  laminin  extracellular  matrix  was  assayed.  In  accordance 
to  what  we  saw  with  P4  integrin  function  blocking  antibodies,  knocking  down  P4  integrin  significantly 
compromised  the  survival  of  3D  non-spread  MECs  (Figure  16C).  Furthermore,  to  verify  that  survival  is 
not  merely  due  to  more  binding  of  integrin  a6p4  to  laminin  in  3D,  we  used  HMT-3522  SI  over¬ 
expressing  integrin  p4.  The  over-expressed  protein  was  properly  located  at  the  plasma  membrane  as 
shown  by  FACS  sorting  in  Figure  16D.  By  performing  an  integrin-laminin  cross  linking  assay  in  2D,  we 
showed  that  these  cells  have  more  integrin  p4  -laminin  bonds  than  the  parental  HMT-3522  SI  cell  line 
(Figure  16E).  However,  over-expressing  integrin  P4  in  those  cells  did  not  rescue  the  apoptotic 
phenotype  in  2D  on  soft  substrate  (Figure  16F).  All  together,  these  results  strongly  suggest  that  a6p4 
integrin  is  critical  for  the  viability  of  non-spread  MECs,  end  that  viability  is  not  driven  by  more  integrin 
P4  -laminin  bonds  in  3D. 

Survival  in  the  third  dimension  is  supported  by  a6p4  integrin-dependent  Racl  activation. 

It  is  well  established  that  binding  of  integrin  p4  to  laminin  can  induces  the  activation  of  multiple 
signaling  cascades’^.  Signaling  through  the  cytoplasmic  tail  of  p4  leads  anchoring-independent  survival 
in  3D  of  mammary  tumor  cells  by  activation  of  the  small  GTPase  Racl^^,  invasion  and  survival  via  PI  3- 
kinase^**  and  mediates  proliferation  through  a  Ras-MAP  kinase/ERK  pathway*  \  Additionally,  in  non- 
malignant  MEC  grown  in  3D  to  form  spheroids,  resistance  to  apoptosis  is  supported  by  elevated  a6B4 
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integrin-dependent  Racl-Pak  signaling  .  However,  it  is  unknown  if  Racl  activation  is  involved  in  the 
initial  cell  survival,  before  the  single  MEC  grown  in  3D  divides  to  give  rise  to  spheroids.  To  investigate 
which  P4  integrin  dependent  signaling  pathway  is  involved  in  survival  of  non-spread  cells  in  3D,  we 
used  pharmacological  inhibitors  for  PI  3-kinase  (EY29002),  for  the  MEKI  and  MEK2  (U0126)  (leading 
to  downstream  inhibition  of  ERK)  and  for  the  GTPase  Racl  (NSC237766).  Only  the  inhibition  of  Racl 
activation  compromised  viability  of  MECs  in  3D  (Figure  17A),  suggesting  that  activation  of  Racl  by 
integrin  p4  is  responsible  for  the  survival  phenotype.  To  verify  the  role  of  Racl  in  survival,  we  assayed 
cells  grown  for  24  hours  on  soft  polyacrylamide  gels  of  150  Pa  in  2D  and  3D  for  Racl  activation.  The 
level  of  active  GTP -bound  Racl  was  increased  by  a  2.5  fold  in  3D  non-spread  MECs  compared  to  2D 
non-spread  cells  (Figure  17B).  The  direct  role  of  P4  integrin  on  Racl  activation  in  MECs  was  verified  in 
HMT-3522  SI  cells  over-expressing  p4  integrin  at  the  plasma  membrane  (Figure  17C).  In  these  cells, 
Racl  activition  was  increased  by  a  10  fold  compared  to  control  HMT-3522  SI  cells  (Figure  17C). 
However,  over-expression  of  the  constitutively  active  mutant  RaclV12  in  non-spread  MECs  did  not 
rescue  cell  death  in  2D,  suggesting  that  a  tide  regulation  of  the  signaling  pathway  induced  by  laminin 
binding  to  P4  and  Racl  activation  is  necessary  for  survival  (Figure  17D). 

p21-activated  kinase  1  activity  downstream  of  Racl  activation  is  necessary  for  survival  in  the  third 
dimension 

Rho  GTPases  activate  signaling  pathways  through  effector  proteins*^.  The  p21 -activated  kinase  (Pak) 
family  of  serine/threonine  kinases  are  effectors  for  Rac  and  Cdc42,  and  have  been  involved  in  cellular 
processes  such  as  cell  morphology,  cell  migration,  survival,  gene  transcription,  apoptosis  and  hormone 
signaling  .  From  earlier  work,  we  know  that  a6p4  integrin  activates  Rac-dependent  Pakl  to  drive  NF- 
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KB-dependent  resistance  to  apoptosis  in  3D  mammary  acini  .  We  now  show  that  levels  of 
phosphorylated  Pak  (as  read-out  of  activated  Pak)  are  increased  in  3D  non-spread  MECs,  compared  to 
2D  non-spread  cells  (Figure  17E).  Apoptosis  of  2D  non-spread  MECs  was  also  partially  rescued  when 
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we  over-expressed  Pakl  WT,  indicating  again  that  Pak  1  is  part  of  the  signaling  pathways  promoting 
non- spread  MEC  survival  (Figure  17F). 

Matrix  dimensionality  regulates  MEC  survival  by  inhibiting  MMP  activity. 

Because  Rac  has  a  plethora  of  cellular  effector  targets  -  which  can  either  promote  or  inhibit  cell  death 
we  wondered  whether  dimensionality  could  be  restricting  Rac  effector  actions.  Consistently,  we  noted 
that  non-spread  MFCs  in  2D  produced  high  levels  of  ROS  and  that  V12Rac  greatly  enhanced  this  effect. 
In  contrast,  non-spread  MFCs  in  3D  had  greatly  diminished  ROS  levels  and  V12Rac  only  modestly 
increased  ROS  in  these  cells  (Figure  18A).  Indeed,  when  we  treated  2D  non-spread  MFCs  with  a  few 
general  ROS  scavengers  we  observed  a  marked  increased  in  cell  survival  (Figure  18B).  Similarly,  and 
more  importantly,  when  we  expressed  a  V12Ainsert  Rac  which  fails  to  interact  with  NADPH  and 
therefore  cannot  increase  NADPH-dependent  ROS  we  were  able  to  fully  rescue  the  viability  of  2D  non¬ 
spread  MFCs  (Figure  18B).  A  number  of  studies  (reviewed  in^"^)  have  shown  a  direct  link  between  ROS 
production  and  activation  of  MMPs.  We  therefore  investigated  whether  MMP  activity  was  different  in 
2D  than  in  3D.  Indeed,  MMP  activity  was  higher  in  non-spread  cells  in  2D  than  in  non  spread  cells  in 
3D,  and  its  activity  was  dependant  on  NADPH  oxidase  activity  since  NADPH  oxidase  inhibitor  DPI 
decreased  MMP  activity  in  2D  (Figure  I8C).  Inhibition  of  MMP  activity  with  pharmacological 
inhibitors  rescued  cell  death  in  2D  (Figure  18D),  and  2D  conditioned  media  induced  cell  death  in  3D 
(Figure  18E).  In  addition,  basement  membrane  was  absent  in  2D  as  shown  by  immune-staining  for 
Laminin-5  on  non-spread  cell  (Figure  18E).  All  together,  these  results  suggest  matrix  dimensionality- 
dependent  differential  Rac  signaling  pathway  activations. 

Survival  in  the  third  dimension  is  supported  by  Arf6-dependent  Racl  and  Pakl  activation. 

Having  shown  the  necessity  of  Racl  and  Pakl  activation  in  the  laminin-  p4  integrin  dependent  survival 
phenotype,  we  still  do  not  know  how  exactly  Rac  is  being  activated  by  P4  integrin  and  how  Rac  activity 
is  sustained  3D.  A  number  of  studies  have  shown  an  activation  of  Racl  downstream  of  the  GTPase  Arf6 
activation  in  the  case  of  actin  polymerization  and  cell  migration  '  .  Arf6  is  a  member  of  the  Arf  (ADP- 
ribosylation  factor)  Ras-related  GTPase  family.  Arf6  is  the  only  ArfGTPase  mainly  localized  at  the 
plasma  membrane  and  is  involved  in  membrane  trafficking  and  actin  polymerization  at  the  plasma 
membrane^’^*^’^'.  We  therefore  tested  Arf6  activation  non-spread  cells  in  2D  and  3D.  MCFIOA  cell  had 
low  levels  of  endogenous  Arf6.  To  overcome  this  difficulty,  we  created  MCFIOA  cells  stably  over¬ 
expressing  HA-tagged  WT  Arf6  by  lentiviral  infection.  When  activated  Arf6  was  assayed  in  these  cells 
in  non-spread  2D  and  3D  conditions,  the  level  of  Arf6  was  increased  by  a  2  fold  in  3D  compared  to  2D 
(Figure  19A),  suggesting  a  possible  activation  of  Racl  by  Arf6.  We  showed  a  similar  activation  of 
endogenous  Arf6  in  HMT-3522  SI  with  higher  levels  of  endogenous  Arf6  (Figure  19B).  Rac-induced 
survival  being  dependent  on  signaling  initiated  by  P4  integrin  binding  to  laminin,  we  tested  Arf6 
activation  in  MFCs  where  the  signaling  by  p4  integrin  was  abolished  by  over-expression  of  the  tailless 
mutant  of  p4  integrin.  Activation  of  Arf6  was  decreased  in  these  cells  compared  to  control  cells  with 
intact  P4  integrin  (Figure  19C),  suggesting  a  P4  intregrin-dependent  activation  of  Arf6.  To  verify  a 
possible  involvement  of  Arf6  in  cell  survival,  we  tested  MFCs  over-expressing  HA-tagged  WT  Arf6  or 
the  HA-tagged  fast-cycling  mutant  Arf6  T157A^^.  Both  forms  of  Arf6  reverted  cell  death  off  non-spread 
MFCs  in  2D  to  comparable  levels  of  non-spread  cells  in  3D  (Figure  19D).  Furthermore,  over-expression 
of  the  HA  tagged  dominant-negative  mutant  Arf6  T27N  induced  cell  death  of  non-spread  MFCs  in  3D 
(Figure  19E),  clearly  linking  Arf6  to  the  signaling  pathway  inducing  cell  survival  in  3D.  To  show  that 
Racl  is  indeed  downstream  and  activated  by  Arf6  in  MFCs,  we  assayed  cells  over-expressing  the  fast¬ 
cycling  HA-tagged  Arf6T157A  for  activated  Racl.  These  cells  had  a  1.5  fold  increase  in  active  Rac 
compared  to  control  cells  (Figure  19F),  linking  activation  of  Rac  to  activation  of  Arf6.  We  also 
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confirmed  that  Pakl  activation  was  under  control  of  Arf6  by  assaying  for  phosphorylated  Pakl  in  non¬ 
spread  2D  and  3D  cells,  and  over-expressing  WT  Arf6,  the  constitutively  active  Arf6  Q67L  mutant  or 
the  dominant  negative  mutant  Arf6  T27N.  In  non-spread  2D  conditions,  WT  Arf6  and  Arf6  Q67L 
induced  Pakl  phosphorylation  to  comparable  or  higher  levels  of  non-spread  cells  in  3D  (Figure  19G), 
and  in  3D  non-spread  conditions  Arf6  T27N  inhibited  Pakl  phosphorylation  (Figure  19G).  All  together 
these  results  indicate  that  activation  of  Arf6  could  contribute  to  survival  of  non-spread  cells  in  3D, 
downstream  of  p4  integrin  and  upstream  of  Racl  in  the  signaling  cascade. 

Arf6  activity  is  tightly  regulated  by  GAPs  (GTPase  activating  protein)  and  GEFs  (Guanine  nucleotide 
exchange  factors).  In  order  to  identify  GAPs  and  GEFs  involved  involved  in  survival  of  non-spread  cells 
in  3D,  we  generated  cell  line  where  various  GEFs  or  GAPs  were  knocked  down  by  shRNAs.  Knocking 
down  an  involved  GAP  should  induce  survival  in  2D,  while  knocking  down  an  involved  GEF  should 
induce  cell  death  in  3D.  By  using  this  approach,  we  were  able  to  identify  the  GAP  ASAPl  and  the  GEF 
GEPlOO  as  being  potentially  involved  in  survival  of  non-spread  cells  in  3D  by  controlling  the  Arf6 
activity  (Figure  20A  &  20B).  Interestingly,  recent  studies  showed  that  the  EGFR-GEP100-Arf6-ASAP1 
pathway  is  involved  in  invasion  and  metastasis  in  breast  cancer  (reviewed  in  ^^).  One  could  speculate 
that  dimensionality  somehow  modifies  EGFR  activation  or  distribution  at  the  plasma  membrane  leading 
to  activation  of  Arf6  in  3D  and  survival.  If  that  is  the  case,  how  is  dimensionality  affecting  plasma 
membrane  properties? 

Survival  in  the  third  dimension  can  be  linked  to  decrease  membrane  tension. 

Because  we  could  not  merely  account  for  the  enhanced  viability  of  MECs  by  elevated  a6p4  integrin 
signaling  or  Rac  activity  and  to  try  to  explain  why  Arf6  activity  could  be  elevated  in  these  non-spread 
3D  cultures  of  MECs  we  assayed  for  changes  in  cell  shape,  membrane  remodeling  and  tension.  Using 
the  membrane  dye  FM  1-43,  we  observed  changes  in  cell  sphericity,  cell  becoming  more  spheric  in  3D 
(Figure  21  A).  We  also  noted  marked  modifications  in  actin  organization  between  2D  non- spread  cells 
and  3D  non-spread  cells  (Figure  2 IB).  To  determine  whether  the  observed  changes  in  cell  shape  and 
actin  dynamics  were  reflected  by  an  altered  cellular  rheology  we  used  AFM.  We  noted  that  cells  became 
substantially  softer  when  they  were  ligated  in  3D  as  compared  to  cell  in  2D  (Figure  21C).  To  further 
investigate  if  decreased  cell  tension  could  affect  survival  of  non-spread  cells,  cells  were  treated  with 
pharmacological  inhibitors  of  myosin  (blebbistatin)  or  of  the  myosin  light  chain  kinase  (MLCK)  (ML-7) 
and  we  tested  cell  survival  in  2D.  Myosins,  conjugated  with  actin  fdaments,  are  the  major  cytoskeletal 
proteins  regulating  cell  tension.  Cells  in  2D  became  softer  when  treated  with  the  inhibitors  (Figure  2 ID) 
and  surprisingly,  myosin  and  MLCK  inhibition,  by  decreasing  cell  tension,  indeed  induced  survival  of 
non-spread  cells  in  2D  (Figure  2 IE). 

Based  upon  these  data  our  current  working  hypothesis  is  that  ligating  a6p4  integrin  in  3D  alters  cell 
shape  to  reduce  cell  tension  and  induce  cytoskeletal  and  membrane  remodeling,  which  in  turn,  modify 
the  association  of  membrane  factors  that  enhance  Arf6  activity.  Elevated  Arf6  activity  thereafter  further 
promotes  membrane  and  actin  cytoskeletal  remodeling  and  enhances  the  activity  of  pro  survival 
signaling  including  Rac.  By  this  mechanism  we  predict  dimensionality  can  significantly  modify  cellular 
behavior.  We  believe  that  we  might  have  identified  a  novel  3D  regulatory  mechanism  which  we  intend 
to  understand  by  exploring  the  link  between  Arf6,  integrin  p4,  cell  cytoskeleton,  cell  survival  and 
dimensionality. 
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Figure  15 
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Figure  15.  Matrix  presentation  in  the  3rd  Dimension  promotes  survival  in  the  absence  of 
cell  spreading. 

A.  Spreading  of  MEC  is  enhanced  when  the  size  of  2D  micropattemed  substrate  is  increased.  B. 
The  rate  of  MEC  survival  increases  as  spreading  is  enhanced  in  2D.  C.  Adding  soluble  laminin 
in  the  growth  media  which  allows  MECs  to  interact  with  matrix  all  around  the  cells,  i.e.  3D, 
promoted  MEC  survival.  D.  3D  matrix  presentation  is  essential  for  non-spread  MEC  survival  on 
a  stiff  matrix. 
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Figure  16 


E. 


§  ^  3H 
O  It 
CO  CD 

.£  i 
3  S’ 

0)  -pi 

a:  H 


S1  WT 


S1  [H 


Figure  16:  In  the  absence  of  cell  spreading,  Ianiinin-a6p4  integrin  mediates  survival  in  3D. 

A.  Specificity  of  the  ligand  Laminin- 1  in  cell  shape  regulated  apoptosis.  B.  Laminin- 1  ligation  of 
integrin  |34  is  necessary  for  the  survival  of  MECs  in  3D.  C.  |34  expression  is  necessary  for 
survival  in  3D.  D.  Over-expressed  integrin  p4  is  present  at  the  plasma  membrane.  E.  MECs 
over-expressing  integrin  p4  have  more  integrin-laminin  bonds.  F.  Integrin  p4  over-expression 
fails  to  rescue  spreading-independent  survival  in  2D. 
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a. 


Figure  17.  Laminin-ligated  a6p4  integrin  activates  Rac  and  Pak  to  mediate  MFC  survival 
in  3D  and  is  necessary  but  not  sufficient  for  MEC  survival  in  2D. 


A.  Racl,  but  not  ERK  or  PI3K,  is  necessary  for  survival  in  3D.  B.  Rac  activity  is  increased  in 
MECs  in  3D.  C.  Pakl  activity  is  increased  when  MECs  are  cultured  in  3D.  D.  Constitutively 
active  RacV12  over-expression  fails  to  rescue  survival  of  non-spread  MECs  in  2D.  E.  Pakl  over¬ 
expression  partially  mediates  survival  in  2D.  F.  Over-expression  of  Pak  1  WT  partially  rescues 
survival  of  non-spread  MECs  in  2D. 
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Figure  18:  Matrix  dimensionality  regulates  MEC  survival  by  inhibiting  MMP  activity. 

A.  MEC  produces  less  ROS  in  3D.  B.  Decreasing  ROS  production  induces  MEC  survival  in  2D. 
C.  MMP  activity  is  decreased  in  3D,  and  is  dependent  on  NADPH  oxidase  activity.  D.  Inhibition 
of  MMP  activity  through  pharmacological  agents  permits  the  survival  of  non-spread  MECs  in 
2D.  E.  Increased  MMP  activity  in  3D  permits  MEC  apoptosis.  F.  The  basement  membrane  is 
absent  in  2D. 
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Figure  19:  a6p4  integrin-dependent  Arf6  activation  modulates  survival  of  MFCs  in  3D  by 
activation  of  Pak. 

A.  HA-Arf6-GTP  is  increased  in  3D  in  MCFIOA  cells  over-expressing  HA-Arf6.  B.  Arf6-GTP  is 
increased  in  3D  in  SI  cells.  C.  Activation  of  Arf6  is  dependent  on  signaling  through  P4  integrin. 
D.  Survival  in  3D  in  compromised  by  dominant  negative  Arf6  T27N.  E.  Survival  of  MECs  in  2D 
in  promoted  by  Arf6  over-expression.  F.  Activation  of  Racl  is  downstream  of  activation  of  Arf6. 
G.  Pak  1  activity  is  dependent  on  Arf6  activity. 
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Figure  20:  Potential  Arf  GAPs  and  Arf  GEFs  involved  in  cell  death  and  survival. 

A.  The  Arf  GEFs  GEPlOO  and  ARNO  seem  to  be  necessary  for  survival  in  3D.  B.  The  Arf  GAP 
ASAPl  seems  to  be  involved  in  cell  death  in  2D. 
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Figure  21:  Cell  shape  and  cell  rheology  is  modulated  by  matrix  dimensitonality. 

A.  Non-spread  MECs  in  3D  adopt  a  more  spherical  shape  than  non-spread  MECs  in  2D.  B. 
Dimensionality  modifies  the  actin  cytoskeleton  organization.  C.  Non-spread  MECs  ligated  to 
ECM  in  3D  are  softer  than  non-spread  MECs  ligated  to  ECM  in  2D.  D.  Myosin  contraction 
inhibitors  decrease  cell  stiffness  in  2D.  E.  Decreasing  cell  stiffness  in  2D  with  myosin 
contraction  inhibitors  rescues  cell  death. 
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j.  Finish  writine  and  submit  article  showing  how  matrix  stiffness  modulates  chemotherapy 
response,  immune  receptor  response  and  radiation  responsiveness  by  altering  stress  response 
signaling  through  INK  and  Rho.  We  anticipate  that  this  work  should  be  published  in  the  next  two 
years.  (Months  6-18). 

NOTE:  This  work  was  completed  using  the  matrix  conjugated  polyacrylamide  gels  in  which 
breast  cells  are  overlaid  with  a  basement  membrane  matrix.  We  hope  to  extend  these  studies  in 
the  next  two  years  to  include  ECMs  that  can  be  readily  remodeled  and  conditions  in  which 
mechanical  force  can  be  rigorously  controlled.  A  draft  of  this  manuscript  has  been  generated  and 
is  currently  being  revised.  We  hope  to  submit  this  revised  article  to  either  one  of  the  PLOS 
journals  or  else  to  the  Journal  of  Cell  Science  by  the  summer  of  201 1 . 

PART  B  Continue  to  develop  and  characterize  the  biological  behavior  of  nonmalignant  and 
oncogenically/tumor  suppressor  modified  breast  cells  in  synthetic  3D  model  systems  that 
recapitulate  the  biophysical  and  biochemical  properties  of  primary  and  metastatic  breast  tumors. 

a.  Complete  assessment  of  epithelial  morphoeenesis  behavior  of  nonmalignant  and  malignant 
breast  cells  in  self  assembling  peptide  polymer  gels  with  calibrated  stiffness. (Months  8-18)  This 
work  has  been  completed  using  SAPs  gels  and  has  been  accepted  for  publication  in  the  Journal 
of  Physical  Biology. 

We  could  show  that  ECM  stiffness  modulates  ECM  tissue  morphology  and  gene  expression  to  elicit  a 
tumor  like  phenotype  at  rigidities  reaching  1000  Pascals  and  higher,  similar  to  what  we  measured  in 
human  and  mouse  breast  tumors. 

b.  Analyze  the  invasiveness  behavior  of  normal  and  MECs  transformed  with  oncogenes  and 
following  knockdown  of  specific  tumor  suppressor  genes  in  self-assembling  peptide  lattices  for 
3D  studies  with  increasing  stiffness  with  defined  ECM  (laminin)  binding  properties 

(Months  8-20)  These  studies  have  yet  to  be  initiated. 

d.  Analyze  the  growth  behavior  of  normal  and  MECs  transformed  with  oncogenes  and  following 
knockdown  of  specific  tumor  suppressor  genes  in  self-assembling  peptide  lattices  of  increasing 
stiffness  with  defined  ECM  laminin  binding  properties.  (Months  12-24)  These  studies  have  yet  to 
be  initiated  but  we  plan  on  conducting  the  work  in  this  upcoming  fiscal  year. 

e.  Analyze  the  survival  behavior  of  normal  and  MECs  transformed  with  oncogenes  and  following 
knockdown  of  specific  tumor  suppressor  genes  in  self-assembling  peptide  lattices  of  increasing 
stiffness  with  defined  ECM  laminin  binding  properties.  (Months  12-24).  These  studies  have  yet 
to  be  initiated  but  we  plan  on  conducting  the  work  in  this  upcoming  fiscal  year. 

f.  Analyze  the  apoptosis  sensitivity  of  normal  and  MECs  transformed  with  oncogenes  and 
following  knockdown  of  specific  tumor  suppressor  genes  to  chemotherapeutic  agents  (taxol, 
doxorubicin,  etoposide),  and  immune  receptor  apoptotic  agents  (TRAIL,  TNF alpha)  and  gamma 
radiation  when  embedded  within  self-assembling  peptides  lattices  of  increasing  stiffness  with 
defined  ECM  laminin  binding  properties.  (Months  16-24).  These  studies  have  yet  to  be  initiated 
but  we  plan  on  conducting  the  work  in  this  upcoming  fiscal  year. 

m.  Analyze  the  morphoeenesis  behavior  of  normal  and  malignant  MECs  in  HA  gels  of  increasing 
stiffness.  These  studies  have  not  yet  been  initiated.  We  intend  to  begin  these  mid  way  through 
this  upcoming  year. 
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n.  Analyze  the  morphogenesis  behavior  of  normal  and  malignant  MECs  in  HA  gels  with  added 
rBM  or  laminin.  (Months  16-24).  These  studies  have  not  yet  been  initiated.  We  intend  to  begin  t 
hese  mid  way  through  this  upcoming  year. 

0.  Analyze  the  growth  behavior  of  normal  and  malignant  MECs  in  HA  gels  of  increasing  stiffness 
with  added  rBM  or  laminin.  (Months  12-36).  These  studies  have  not  yet  been  initiated.  We 
intend  to  begin  these  studies  midway  through  this  upcoming  year. 

p.  Analyze  the  survival  behavior  of  normal  and  malignant  MECs  in  HA  gels  of  increasing 
stiffness  with  added  rBM  or  laminin.  (Months  12-24).  These  studies  have  not  yet  been  initiated. 
We  intend  to  begin  these  studies  mid  way  through  this  upcoming  year. 

q.  Analyze  the  apoptosis  sensitivity  of  normal  and  malignant  MECs  to  three  commonly  used 
chemotherapeutic  agents  (taxol,  doxorubicin,  etoposide),  and  two  immune  receptor  apoptotic 
agents  (trails,  TNF alpha)  and  gamma  radiation  in  HA  gels  with  added  rBM  or  laminin. 

(Months  12-24).  These  studies  have  not  yet  been  initiated.  We  intend  to  begin  these  studies  mid 
way  through  this  upcoming  year. 

r.  Analyze  the  invasive  behavior  of  nonmalignant,  malignant  and  oncogenically  primed  MEC 
organoids  in  HA  gels  of  increasing  stiffness  with  added  rBM  or  laminin  with  or  without 
incorporated  MMP  cleavable  conjugated  collagen  sequences.  (Months  18-24).  These  studies 
have  not  yet  been  initiated.  We  intend  to  begin  these  studies  mid  way  through  this  upcoming 
year. 

Task  2:  Develop  xenosmft  and  transsenic  mouse  models  to  test  whether  ECM stiffness  resulates 

apoptotic  responsiveness  of  mammary  eyithelia  in  vivo. 

PART  A.  Xenograft  studies  to  test  whether  ECM  stiffness  could  regulate  apoptotic  responsiveness 

of  a  mammary  epithelium  in  vivo.  These  studies  are  being  conducted  in  collaboration  with  Dr. 

Bernhard  from  the  Radiation  Biology  Department  at  the  University  of  Pennsylvania. 

e.  Based  upon  doses  of  established  short-term  and  long-term  re-growth  assays  Weaver  laboratory 
in  collaboration  with  Werb  laboratory  will  then  conduct  xenograft  assays  of  radiation 
sensitivity  of  tumorigenic  MECs  in  vivo  following  their  injection  and  establishment  of  viable, 
palpable  tumors  sub-cutaneously  in  nude  mice  based  upon  short-term  viability  effects  as  the  end 
point.  (Months  6-36).  Not  yet  initiated  for  the  radiation  treatment  -  However  we  have  completed 
an  analysis  of  chemotherapy  response  as  related  to  NCoR2  status  -  a  putative  mechano  force 
regulator  of  apoptosis  resistance  gene  expression  (see  earlier  comments  and  Tsai  et  al  Nature 
Medicine,  In  Revision. 

f.  Based  upon  doses  of  established  short  term  and  long  term  re-growth  assays  Weaver  laboratory 
in  collaboration  with  Werb  laboratory  will  conduct  xenograft  assays  of  radiation  sensitivity 
of  tumorigenic  MECs  in  vivo  following  their  injection  and  establishment  of  viable,  palpable 
tumors  sub-cutaneously  in  nude  mice  based  upon  long-term  re-growth  assays  as  an  end  point. 
(Months  12-36).  Not  yet  initiated 

g.  Weaver  laboratory  will  assess  biocompatibility  of  PEG  gels  injected  sub-cutaneously  into  nude 
mice.  (Months  24-36).  Not  yet  initiated 
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i.  Weaver  laboratory  in  collaboration  with  Werb  laboratory  will  assess  effect  of  radiation 
responsiveness  of  tumorigenic  MECs  embedded  within  soft  versus  stiff  PEG  gels  and/or  cross- 
linked  collagen  gels  or  collagen  gels  co  injected  with  LOX  expressing  fibroblasts  to  induce 
collagen  cross  linking  in  vivo,  injected  sub-cutaneously  into  nude  mice  and  assessed  for  short 
term  viability  as  the  end  point.  (Months  24-36).  Not  yet  initiated 

j.  Weaver  laboratory  in  collaboration  with  Werb  laboratory  will  assess  effect  of  radiation 
responsiveness  of  tumorigenic  MECs  embedded  within  soft  versus  stiff  self-assembling  peptides 
and/or  cross-linked  collagen  gels  in  vivo,  injected  sub-cutaneously  into  nude  mice,  and  assessed 
for  long  term  re-growth  as  the  end  point.  (Months  24-36).  Not  yet  initiated 

k.  Weaver  laboratory  in  collaboration  with  Werb  laboratory  will  assess  effect  of  radiation 
responsiveness  of  tumorigenic  MECs  embedded  within  soft  versus  stiff  PEG  gels  and/or  cross- 
linked  collagen  gels  in  vivo,  injected  sub-cutaneously  into  nude  mice,  and  assessed  for  long  term 
effects  on  tissue  morphology  as  the  end  point.  (Months  24-36).  Not  yet  initiated 

l.  Weaver  laboratory  in  collaboration  with  Werb  laboratory  will  assess  effect  of  radiation 

responsiveness  of  tumorigenic  MECs  embedded  within  soft  versus  stiff  PEG  gels  in  vivo, 

injected  sub-cutaneously  into  nude  mice,  and  assessed  for  long  term  effects  on  gene  expression 
markers  as  the  end  point.  (Months  24-36).  Not  yet  initiated 

m.  Weaver  laboratory  in  collaboration  with  Werb  laboratory  will  assess  effect  of  radiation 
responsiveness  of  tumorigenic  MECs  embedded  within  soft  versus  stiff  PEG  gels  and/or  cross- 
linked  collagen  gels  in  vivo,  injected  sub-cutaneously  into  nude  mice,  and  assessed  for  long  term 
effects  on  apoptosis  resistance/stress  response  protein  expression  as  the  end  point. 

(Months  24-36).  Not  yet  initiated 

PART  B.  Transgenic  animal  studies  designed  to  test  whether  ECM  stiffness  could  influence 

apoptosis  regulation  in  vivo.  These  studies  are  being  conducted  in  collaboration  with  Dr.  Zena 

Werb. 


a.  Validation  of  beta  1  integrin  cluster  mutant  ES  cell  generation  (Months  0-4)  Completed. 

We  created  mice  with  conditional  expression  of  a  [31 -Integrin  Autoclustering  Mutant  by  Knock-in  into 
the  Ubiquitously  Expressed  ROSA26  Locus.  Figure  22A  outlines  the  strategy  we  used  to  create 
conditional  expression  of  the  autoclustering  [31  integrin  mutant  in  transgenic  mice  by  gene  targeting  to 
the  ubiquitously  expressed  ROSA26  locus.  We  successfully  prepared  the  construct  and  were  successful 
in  targeting  the  gene  to  the  ROSA26  locus  in  129SV  embryonic  stem  cells.  Our  transfection  yield  had  a 
targeting  efficiency  of  about  25%  which  is  excellent  and  ensured  success  in  obtaining  transgenic  mice 
expressing  the  target  gene  of  interest.  Accordingly,  we  chose  several  for  follow  up  and  injection  into 
embryos. 

b.  Generation  of  transgenic  beta  1  integrin  mouse  model  through  the  UCSF  Cancer  Center 
Sponsored  cell  center  transgenic  mouse  resource.  (Months  4-12)  Completed. 

We  found  that  several  clones  of  transfected  ES  cells  produced  chimeric  males  following  injection  into 
C57BL/6  donor  blastocysts.  We  then  followed  the  animals  and  screened  their  progeny  and  were  able  to 
determine  that  at  least  3  yielded  germline  transmission  of  the  targeted  allele  (Figure  22B). 
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Figure  22.  Generation  of  the  "autoclustering"  pi  integrin  mutant  transgenic  mouse. 

A.  Strategy  for  conditional  expression  of  an  “autoclustering”  pi  integrin  mutant  in  a  wild  type  pi 
integrin  background  by  gene  targeting  into  the  ubiquitously  expressed  ROSA26  locus.  A 
bicistronic  mRNA  coexpressing  pi  integrin  with  a  V737N  mutation  in  the  transmembrane 
domain  (that  is  predicted  to  increase  the  energy  of  interaction  of  the  transmembrane  domains  of 
two  closely  apposed  integrins)  and  EGFP  via  an  internal  ribosome  entry  site  (IRES)  was  cloned 
downstream  (relative  to  the  direction  of  transcription  from  the  ROSA26  locus;  red  arrow)  of  a 
floxed  (black  arrow  heads)  neomycin  phosphotransferase  expression  cassette  (PGK-neo  tpA)  in  a 
ROSA  26  targeting  construct  and  knocked  into  the  wild  type  ROSA26  locus  by  gene  targeting  in 
129SV  embryonic  stem  cells.  The  presence  of  the  neomycin  expression  cassette  prevents 
expression  of  the  bicistronic  mutant  pi  integrin  transgene  by  terminating  the  transcript  at  the 
polyadenylation  signal  tpA.  Tissue  specific  expression  of  ere  recombinase  will  excise  the 
neomycin  expression  cassette  (and  tpA)  juxtaposing  a  splice  acceptor  site  (SA)  upstream  of  the 
bicistronic  mutant  pi  integrin  transgene  allowing  its  incoporation  into  a  mature  mRNA 
transcribed  from  the  ROSA26  locus.  B.  Southern  blot  of  genomic  tail  DNA  from  an  F3 
backcross  of  F2  129SVxFVB/n  heterozygous  transgenic  male  with  a  FVB/n  female  digested  with 
EcoRV  and  probed  with  the  indicated  5’  probe  showing  heterozygotes  (1  Ikb  wild  type  allele  and 
3.8kb  targeted  allele)  and  wild  type  littermates  (llkb  allele  only)  demonstrating  predicted 
targeting  and  germline  transmission  of  the  targeted  allele. 
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c.  Breeding  and  line  generation  of  beta  1  integrin  cluster  mutant  mouse  model  (Months  12-24)  In 
process. 

At  present  we  are  in  the  process  of  backcrossing  transgenic  mice  carrying  the  allele  into  FVB/n  mice. 
We  are  on  our  5th  backcross  and  already  are  at  approximately  65-70%  FVB  background.  We  anticipate 
having  viable  mouse  colonies  to  begin  experimentation  with  by  early  summer  2011.  To  expedite  our 
backcrossing  we  have  begun  to  use  speed  congenics.  Moreover,  because  many  treatment  studies  are  also 
conducted  in  the  BalbC  mouse  background  we  will  begin  to  backcross  into  this  genetic  background. 

d.  Initial  analysis  of  behavior  of  isolated  mammospheres  in  2D  and  3D  culture  from  beta  1  integrin 
cluster  mutant  transgenic  mouse  model  (Months  24-36).  These  manipulations  have  not  been 
initiated. 

We  have  begun  to  assess  the  activity  of  the  transgene  in  these  mice  through  CRE-LOX  infection  of 
isolated  fibroblasts  and  mammary  epithelial  cells.  To  this  end  we  expect  to  conduct  proof  of  principle 
experiments  to  determine  whether  elevated  expression  of  a  beta  1  integrin  cluster  mutant  in  the 
fibroblasts  of  mice  would  be  sufficient  to  stiffen  the  tissue  ECM  and  induce  tissue  fibrosis  and 
eventually  enhance  tumor  progression.  These  studies  will  require  that  the  animals  be  backcrossed  into  at 
least  99%  homeogeneous  background  FVB  or  BalbC.  Once  we  have  completed  our  back  crossing  we 
will  begin  the  long  process  of  crossing  our  animals  with  inducible  fibroblast  specific  lines  including  Tet 
regulatable  FAP  and  FSP  promoters  as  well  as  MMTV  mammary  epithelial  specific  expression  so  that 
we  can  examine  effects  on  endogenous  tissue  behavior  and  tumorigenesis. 

e.  Assessment  of  the  effect  of  beta  1  integrin  clustering  on  breast  tissue  behavior  in  vivo  using 
xenograft  manipulations  and  immortalized  human  mammary  epithelial  cells.  (Months  0-24).  In 
our  earlier  reports  we  published  our  findings  that  enhancing  beta  I  integrin  clustering  promoted 
tumor  invasion  in  vitro  and  increased  tumor  size  in  vivo  using  immortalized  cell  lines  including 
the  MCFIOAT  cell  line.  This  work  was  published  in  2009  in  Cell  Journal  Levental  et  al. 

We  are  now  elaborating  these  studies  to  further  experiments  in  vivo  and  in  this  next  year  will  be 
exploiting  the  availability  of  MFCs  isolated  from  the  transgenic  model  we  generated  as  well  as 
examining  the  intact  mammary  gland  behavior  when  the  transgene  is  induced. 

f.  Characterization  of  the  cross  linking  of  mouse  breast  tissue  before  and  during  malignant 
transformation  using  biochemical  analysis.  (Months  0-36)  In  Progress. 

We  have  made  excellent  progress  towards  setting  up  a  comprehensive  cross  linking  analysis  method  at 
our  center  at  UCSF.  Rather  than  using  the  traditional  radioactive  approach  we  have  developed  a  new 
fluorescence  method  that  has  enhanced  sensitivity.  This  is  important  since  we  will  now  be  in  a  position 
to  assay  for  changes  in  collagen  cross-linking  in  small  human  biopsies.  We  present  our  data  in  this 
report  to  illustrate  our  competence  with  this  method.  In  the  next  year  we  will  begin  in  earnest  to  conduct 
cross-linking  analysis  on  several  banked  mouse  studies  as  well  as  on  collected  human  breast  tumor 
biopsies.  We  describe  our  progress  to  date  in  an  earlier  section  of  this  report. 

g.  Assessment  of  the  status  and  effect  of  lysyl  oxidase  during  breast  tumorigenesis  (Months  0-18) 
Partially  completed,  additional  studies  in  progress  to  extend  the  observations. 

In  an  earlier  progress  report  2010  (2009-2010)  we  reported  the  progress  we  made  on  studies  we  had 
conducted  using  the  Her2/Neu  mouse  model  and  the  initial  very  preliminary  data  we  generated  to 
explore  effects  on  a  more  aggressive  tumor  model  called  the  PyMT  mouse.  We  have  continued  with 
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these  studies  and  are  pleased  to  report  excellent  progress  towards  defining  the  role  of  LOX  on  PyMT 
induced  tumor  initiation,  progression  and  metastasis.  We  have  additionally  extended  these  results  to 
include  a  very  aggressive  model  with  TGF  beta  receptor  two  knockdown.  This  PyMT  crossed  into  the 
TGF  beta  receptor  two  knockdown  recapitulates  aggressive,  triple  negative  human  breast  tumors.  In  the 
current  report  we  present  details  of  progress  on  the  PyMT  mouse  studies  and  will  report  on  our  progress 
on  the  more  aggressive  model  in  next  years  report  when  we  have  made  further  progress.  Please  refer  to 
earlier  section  in  this  report  in  which  we  discuss  in  detail  our  findings  from  these  studies  including 
several  associated  figures  summarizing  current  findings. 

h.  Assessment  of  the  effect  of  increasing  lysyl  oxidase  activity  on  breast  transformation  in  vivo. 
(Months  0-18).  These  results  were  reported  as  completed  in  an  earlier  report  and  were  published 
in  2009  Levental  et  al  Cell. 

i.  Assessment  of  the  effect  of  decreasing  lysyl  oxidase  activity  on  breast  transformation  in  vivo 
using  pharmacological  inhibitors.  (Months  6-18).  In  last  years  report  we  discussed  our  findings 
on  the  Her2/Neu  mouse  model  of  breast  cancer  where  we  showed  that  LOX  inhibition  prevented 
tumor  progression  and  reduced  tumor  incidence.  The  results  were  published  in  Cell  Levental  et 
al.  2009.  We  indicated  that  we  were  in  the  process  of  assessing  the  effect  of  LOX  inhibition  on 
PyMT  induced  tumor  metastasis.  These  studies  are  still  ongoing  -  and  although  we  had 
anticipated  that  they  would  be  completed  by  the  end  of  this  year  -  we  have  had  to  conduct  several 
additional  animal  studies  each  of  which  takes  6-8  months.  Therefore  the  work  is  still  ongoing. 

Please  see  earlier  section  in  which  we  discuss  these  studies  in  greater  detail. 

j.  Assessment  of  the  effect  of  decreasing  lysyl  oxidase  activity  on  breast  transformation  in  vivo 
using  antibody  inhibition.  (Months  8-18)  Partially  completed  and  further  studies  are  now  in 
progress  using  additional  mouse  models. 

In  last  years  report  we  summarized  our  findings  in  the  Her2/Neu  mouse  model  where  we  showed  that 
inhibiting  LOX  activity  using  function  blocking  antibodies  was  a  very  potent  inhibitor  of  tumor 
progression.  Thus  we  have  been  anxious  to  continue  with  this  work  and  extend  these  findings  to 
additional  breast  tumor  models  to  determine  just  how  potent  this  effect  could  be  and  assess  its  suitability 
for  clinical  studies.  However,  one  of  the  issues  is  obtaining  sufficient  quantities  of  antibody  for 
experimental  manipulation.  To  this  end  we  have  been  collaborating  with  Giaccia's  group  at  Stanford 
University  to  obtain  access  to  the  function  blocking  antibody  his  group  developed.  However,  there  have 
been  quite  a  few  delays  that  have  prevented  us  from  obtaining  sufficient  antibody  to  conduct  our  animal 
work.  This  has  obviously  delayed  progress  on  these  experiments.  Accordingly  to  address  this  difficulty, 
we  have  offered  to  underwrite  financially  to  generation  of  sufficient  antibodies  for  our  work.  We  have 
been  assured  that  new  antibody  is  forthcoming  and  so  we  should  be  in  a  position  to  conduct  studies  on 
our  Metastasis  models.  Eventually  we  are  considering  alternate  strategies  such  as  siRNA  mediated  LOX 
knockdown.  Towards  that  goal  we  have  identified  and  conducted  preliminary  analysis  on  a  putative 
siRNA  for  Lysyl  oxidase.  In  addition,  we  have  been  generating  a  conditional  LOX  knockdown  model  - 
and  while  we  successfully  generated  a  targeting  vector  and  were  able  to  create  ES  knockout  cells  -  and 
even  mouse!  There  were  problems  with  the  mouse  line  that  we  generated  and  the  animals  were  not 
fertile  suggesting  that  somehow  the  insertion  site  corrupted  the  genome  in  these  animals.  Accordingly, 
this  past  year  we  re  generated  the  ES  cell  lines.  The  first  round  of  injections  was  negative  which  was 
most  frustrating.  However  a  second  round  of  injections  yielded  multiple  ES  knockout  clones.  These 
have  been  carefully  screened  and  validated  using  PCR  before  we  move  to  generate  a  mouse.  We  are  now 
validating  these  lines  using  southern  analysis  and  once  that  has  been  accomplished  we  will  be  generating 
several  mouse  lines.  Thus  far  things  are  advancing  well  and  we  are  optimistic  that  we  will  have  mouse 
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lines  by  mid  summer.  Our  first  goal  will  be  to  begin  to  rapidly  backcross  the  mice  as  well  as  to  validate 
the  LOX  knockdown  in  vivo  and  ensure  that  we  have  in  fact  created  a  true  transgenic  that  transmits  the 
genotype  through  the  germ  line.  After  that  we  will  begin  in  earnest  to  conduct  studies  aimed  at  exploring 
the  importance  of  LOX  expression  in  a  tissue  specific  AND  cell  line  specific  fashion.  Something  we 
have  not  been  able  to  accomplish  using  either  pharmacological  OR  LOX  inhibitory  antibody  approaches. 

k.  Assessment  of  the  effect  of  circulating  lysyl  oxidase  on  breast  tumor  metastasis  in  vivo 
(Months  12-36).  Partially  completed.  In  our  earlier  report  we  summarized  preliminary  data  which 
showed  that  inhibiting  LOX  using  pharamcological  inhibitors  prevented  lung  metastasis  in  the 
PyMT  mouse  model. 

This  past  year  we  have  been  able  to  confirm  these  results  and  are  conducting  additional  studies  to 
explore  this  phenotype  further.  In  addition,  we  have  initiated  new  studies  to  explore  whether  LOX 
inhibition  will  prevent  lung  metastasis  in  a  very  aggressive  tumor  type  that  recapitulates  the  tgfbeta 
receptor  two  mutant/knockdown  phenotype  of  triple  negative  human  breast  cancer.  Studies  are  now 
under  way  with  the  Moses  group  to  assess  the  interplay  between  LOX  mediated  collagen  cross  linking 
and  TGF  beta  and  tumor  metastasis.  We  are  also  interested  in  exploring  molecular  mechanisms.  Please 
refer  to  earlier  section  of  this  report  in  which  these  studies  have  been  discussed  in  more  detail. 

l.  Assessment  of  the  biophysical  properties  of  COLA  mutant  mice  which  fails  to  turn  over  collagen 
I  due  to  a  mutation  in  its  MMP9  recognition  site  using  shear  rheology  (Months  24-36).  These 
studies  have  not  been  initiated. 

m.  Assessment  of  the  biophysical  properties  of  the  OS  mouse  which  fails  to  assemble  proper 
collagen  bundles.  (Months  24-36)  These  studies  have  not  been  initiated. 

n.  Assessment  of  the  effect  of  increasing  collagen  stiffness  on  breast  tissue  behavior  and  response 
to  therapy  ex  vivo  using  collagen  generated  from  the  COLA  mouse  (Months  24-36)  These 
studies  have  not  been  initiated. 

o.  Assessment  of  the  effect  of  decreasing  collagen  stiffness  on  breast  tissue  behavior  and  response 
to  therapy  ex  vivo  using  collagen  generated  from  the  OS  mouse.  (Months  24-36).  These  studies 
have  not  been  initiated. 

Task  3:  Build  a  computational  model  that  can  predict  how  changes  in  ECM  compliance  could  influence 

intesrin-dependent  apoptosis  responsiveness  of  mammary  epithelia  and  query  this  model  with  clinical 

data. 


Incorporate  mechanical  force  values  and  assumptions  into  the  basic  adhesion  model.  These  studies 
are  to  be  conducted  in  collaboration  with  Dr.  Hammer  from  the  University  of  Pennsylvania 
Bioengineering  Department. 


a.  Amend  basic  cell  adhesion  model  published  in  PLOS  Computational  -  Paszek  et  al  2009  to 
incorporate  force  parameters.  (Months  28-36)  These  studies  are  still  in  progress. 

b.  Test  mechano-adhesion  model  and  compare  theoretical  values  with  experimental  data  obtained 
using  cell  culture  model.  (Months  24-36)  These  studies  are  close  to  completion  and  we  anticipate 
in  the  next  year  we  will  be  able  to  write  and  submit  an  article  for  publication. 
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c.  Adjust  mechano-adhesion  model  to  incorporate  experimental  data.  (Months  24-36)  Not  yet 
initiated. 

PART  D.  Initiate  modeling  studies  using  micro  array  data  sets  from  the  cell  culture  models. 

a.  Isolate  RNA  from  MECs  within  a  3D  matrix  with  varying  matrix  compliances.  (Months  0-12) 

Not  yet  initiated. 

b.  Purify  and  prepare  samples  for  micro  array  analysis.  (Months  0-12)  Not  yet  initiated. 

c.  Generate  micro  array  data  sets  from  samples  of  MECs  in  3D  matrices  of  varying  compliances. 
(Months  12-18)  Not  yet  initiated. 

d.  Conduct  statistical  analysis  of  micro  array  data  sets  generated  from  MECs  in  3D  matrices  of 
varying  compliances.  (Months  18-24)  Not  yet  initiated. 

e.  Conduct  bioinformatics  analysis  of  micro  array  data  sets  generated  from  MECs  in  3D  matrices  of 
varying  compliances.  (Months  18-24)  Not  yet  initiated. 

f.  Verify  validity  of  micro  array  analysis  by  RT-PCR  or  real  time  PCR  of  10  target  genes. 

(Months  24-36)  Not  yet  initiated. 

PART  E.  Initiate  pilot  studies  to  analyze  micro  array  data  sets  and  clinical  samples  from 
neoadjuvant  breast  cancer  clinical  trial  data  using  a  simple  model  generated  using  gene  data  from 
culture  systems.  These  studies  are  to  be  conducted  in  collaboration  with  Breast  Surgeons  Drs. 
Esserman  and  Hwang  and  Breast  Pathologist  Dr.  Yunn  Yi  Chen  from  the  University  of  California 
San  Francisco. 

a.  Select  clinical  samples  to  be  examined  in  collaboration  with  Drs.  Esserman  and  Hwang. 

(Months  6-18)  We  have  been  working  closely  with  Drs  Hwang  and  Esserman  with  consultation 
through  the  UCSF  Cancer  Center  Pathology  core  and  Alfred  Au  as  well  as  Yunn  Yi  Chen  to 
identify  patient  samples  and  eollect  these  for  analysis.  In  addition,  last  year  we  seeured  an  IRB 
approval  for  a  protocol  which  we  have  just  gotten  renewed  for  another  year. 

In  the  next  year  we  will  eontinue  to  aequire  patient  samples  for  this  study. 

b.  Obtain  micro  array  data  sets  from  elinieal  samples.  (Months  12-18)  In  proeess.  We  have 
ineluded  some  of  these  data  analysis  in  an  article  that  is  now  in  revision  for  Nature  Medieine. 

c.  Conduct  statistical  analysis  of  clinical  micro  array  data  sets.  (Months  12-24)  In  proeess. 

d.  Conduct  bioinformatics  analysis  of  clinical  micro  array  data  sets.  (Months  12-36).  Not  yet 
initiated. 

e.  Test  predictability  of  N-CoR2  gene  signature  in  miero  array  data  SQts.(Months  24-36)  Partially 
completed.  We  have  eompleted  initial  analysis  using  publieally  available  data  sets  and  some  of 
these  data  were  included  in  the  Tsai  et  al.,  Revised  Nature  Medieine  article. 

In  this  next  year  we  intend  to  expand  our  analysis  to  inelude  new  publieally  available  data  sets  as  well  as 
to  aeeess  the  data  sets  available  through  the  UCSF  SPORE  program. 
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f.  Secure  clinical  biopsy  specimens  for  experimental  validation.  (Months  24-36)  These  studies  are 
partiallycompleted.  In  the  past  year  we  have  made  encouraging  progress  towards  securing  these 
specimens  and  have  assembled  blocks  for  subsequent  analysis. 

g.  Target  assessment  of  tractable  biomarkers  from  the  N-CoR2  signature  using 
immunohistochemistry  and/or  in  situ  analysis.  (Months  -30-36).  Not  yet  initiated. 

h.  Begin  to  write  IRB  with  Dr.  Van  Der  Tier  and  Esserman  so  that  we  can  incorporate  the  N-CoR2 
gene  therapy  response  signature  into  the  I-SPY  II  study  to  determine  if  N-CoR2  gene  signature 
can  be  used  to  predict  therapeutic  response  to  targeted  therapies  including  some  of  the  new 
generation  kinase  inhibitors  as  well  as  TRAIL  Agonists  and  HDAC  inhibitors.  Completed  and 
each  year  this  task  is  completed  through  securing  IRB  renewals.  Thus,  the  protocol  has  now  been 
successfully  renewed  for  another  year. 

REPORTABLE  OUTCOMES 
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4.  Gilbert,  P.,  Mouw,  J.,  Unger,  M.,  Lakins,  J.N.,  Gbegnon,  M.K.,  Clemmer,  V.,  Benezra,  M.,  Feldman, 
M.D.,  Boudreau,  N.,  Welm,  A.L.,  Tsai,  K.K.C. ,  Weber,  B.,  and  Weaver,  V.M.  HoxA9  regulates 
BRCAl  expression  to  modulate  mammary  tissue  growth  and  survival.  J  Clin  Invest.,  120:1535-50, 
2010.  PMCID:  2860938.  The  final  published  version  has  been  attached  to  the  current  report. 
ATTACHMENT  4. 

5.  Cohet,  N.,  Stewart,  K.M.,  Mudhasani,  R,  Asirvatham,  A.J.,  Mallappa,  C.,  Imbalzano,  K.M.,  Weaver, 
V.M.,  Imbalzano,  A.N.,  and  Niekerson,  J.A.  SWI/SNFQl  Chromatin  Remodeling  Enzyme  ATPases 
Promote  Cell  Proliferation  in  Normal  Mammary  Epithelial  Cells.  J  Cell  Physiol.  223:667-78,  2010. 
PMID:  20333683.  The  final  published  version  has  been  attached  to  the  current  report. 
ATTACHMENT  5. 
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7.  Egeblad,  M.,  Rasch,  M.G.,  Weaver,  V.M.  Dynamic  interplay  between  the  collagen  scaffold  and 
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9.  Yu,  H.,  Mouw,  J.K.,  Weaver,  V.M.  Forcing  Form  and  Function:  Biomechanical  Regulation  of 
Tumor  Evolution.  Trends  in  Cell  Biol.  21:47-56  2011  PMCID:  3014395.  The  final  published 
version  has  been  attached  to  the  current  report.  ATTACHMENT  9. 

10.  Dvorak,  H.F.,  Weaver,  V.M.,  Tlsty,  T.D.  and  Bergers,  G.  Tumor  Microenvironment  and  Progression. 
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report.  ATTACHMENT  10. 

ABSTRACTS  ATTACHMENT  11. 

1.  Yu,  H.  and  Weaver,  V.M.  Collagen  remodeling  and  tissue  mechanics  at  different  mammary  tumor 
development  stages.  AACR  annual  meeting,  April  17*-2C*  2010. 

2.  Lopez,  J.I.,  DuFort,  C.,  Yu,  H.,  Kang,  L,  Acerbi  L,  Hwang,  S.,  Au,  A.,  and  Weaver,  V.M.  Force 
Characterization  of  Tissue  from  Normal,  Pre-invasive  and  Invasive  Breast  Cancer.  BMES  annual 
meeting,  October  6*  -9*  2010. 

3.  Lopez,  J.I.,  Kang,  L,  You,  W.K.,  MacDonald,  D.  and  Weaver,  V.M.  In  Situ  Force  Mapping  of  Breast 
Tissue  Transformation.  BMES  annual  meeting,  October  6*'^  -9*  2010. 

4.  Cassereau,  L.,  Lopez,  J.I.,  Weaver,  V.M.  The  Interplay  Between  Three  Dimensional 
Microenvironment  and  Breast  Cancer  Invasion.  BMES  annual  meeting,  October  6*  -9*  2010. 

5.  Acerbi,  L,  Au,  A.,  Lopez,  J.,  DuFort,  C.,  Hwang,  H.,  Weaver,  V.M.  Cancer  in  Human  Mammary 
Gland  Shows  Greatest  Stiffness  on  Tumor  Edge.  ASCB  annual  meeting,  Dec  I  I*-I5*''  2010. 

6.  Lopez,  J.L,  Miroshnikova,  Y.,  Cassereau,  L.,  Lakins,  J.,  Weaver,  V.M.  a5pi  Integrin-Fibronectin 
interactions  mediate  force  response  of  cells  to  the  microenvironment.  ASCB  annual  meeting,  Dec 
11*- 15*  2010. 

7.  Frantz,  C.,  Friedland,  J.,  Lakins,  J.,  Lopez,  J.L,  Chemoff,  J.,  Schwartz,  M.,  Santy,  L.C.,  Alcaraz,  J., 
Chen,  C.,  Boettiger,  D.,  Weaver,  V.M.  Deconstructing  the  3rd  Dimension:  How  matrix 
dimensionality  promotes  survival.  ASCB  annual  meeting,  Dec  1 1*-15*  2010. 

8.  Cassereau,  L.,  Lopez,  J.  L,  Weaver,  V.  M.  The  Interplay  Between  Three  Dimensional 
Microenvironment  and  Breast  Cancer  Invasion.  ASCB  annual  meeting,  Dec  1 1*-15*  2010. 
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9.  Miroshnikova,  Y.A.,  Jorgens,  D.M.,  Auer,  M.,  Spirio,  L.,  Sieminski,  A.L.,  Weaver  V.M. 
Engineering  strategies  to  recapitulate  epithelial  morphogenesis  in  synthetic  3  dimensional  matrix 
with  tunable  mechanical  properties.  ASCB  annual  meeting,  Dec  1 1*’'-15*  2010. 

C.  Oral  Presentations  Meetings  Major  Symposia  and  Mini  Symposia 

1.  Weaver,  V.M.,  Invited  Symposium  Speaker,  “Forcing  Transformation  and  Metastasis”,  First  Annual 
NCI  Physical  Sciences  -  Oncology  Network'  Meeting,  Washington,  DC  4/07/2010 

2.  Weaver,  V.M.,  .Invited  Symposium  Speaker,  "Mechanics,  Malignancy  and  Metastasis",  Meet  The 
Expert  Sunrise  Session,  AACR  101st  Annual  Meeting  2010,  Washington,  D.C.  4/18/2010 

3.  Weaver,  V.M.,  Invited  Symposium  Speaker,  "Mechanics  Meet  Morphogenesis  and  Malignancy", 
Disease  Microenvironment  and  Tumor  Progression,  2nd  EMBO  Conference  on  Cellular  Signaling 
and  Molecular  Medicine,  Black  Forest,  Germany,  5/25/2010 

4.  Weaver,  V.M.,  Invited  Session  Speaker,  Gradients  and  Flow  of  Soluble  Factors  in  the  Tumor 
Microenvironment,  "Mechanical  Context  and  Tumor  Progression",  Workshop,  NCI/TMEN  Gradient 
Workshop,  Bethesda,  Maryland,  5/27/2010 

5.  Weaver,  V.M.,  Invited  Symposium  Speaker,  Metastasis  and  the  Matrix,  "The  Force  Journey  of  a 
Tumor  Cell",  Joint  MRS-AACR  Conference,  Philadelphia,  PA,  9/14/2010 

6.  Weaver,  V.M.,  Invited  Session  Speaker,  "The  Force  Dialogue  of  a  Tumor  Cell",  UCSF/UCB 
Bioengineering  Conference,  UCSF/UCB  Graduate  Group  in  Bioengineering  Fall  2010  Group 
Conference,  UCSF/UCB  ,  South  Lake  Tahoe,  9/24/2010 

7.  Weaver,  V.M.,  Invited  Symposium  Speaker,  “Sweet  and  Slimy  Forces  Regulate  Integrin  Adhesions”, 
Conference  on  Cell  Adhesion  in  Cancer,  University  of  Missouri-Columbia,  Columbia,  MO, 
10/18/2010 

8.  Weaver,  V.M.,  Yaswen,  P.  and  Werb  Z.  Invited  Session  Presenter,  NIEHS/NCI  Breast  Cancer 
Meeting,  Environmental  Forces  Regulate  Breast  Cancer,  Susceptibility,  New  York,  NY,  11/16/2010 

9.  Weaver,  V.M.,  Invited  Symposium  Speaker,  “The  Interplay  Between  Force  and  Cancer”,  Asia 
Pacific  Congress  on  Pancreas  and  Biliary  Tract  Cancer  in  Conjunction  with  the  14th  Annual  Meeting 
of  theTaiwan  Cooperative  Oncology  Group,  1 1/20/2010 

10.  Weaver,  V.M.,  Invited  Symposium  Speaker,  “Sweet  and  Slimy  Forces  Regulate  Tumor  Phenotype  & 
Tissue  Structure",  50th  ASCB  Annual  Meeting,  Philadelphia,  PA,  12/11/2010 

11.  Weaver,  V.M.,  Invited  Symposium  Speaker,  "Force  and  Death  Resistance:  Implications  for  Tumor 
Therapy”,  Special  Interest  Subgroup  on  Epigenetics  of  Cancer,  50th  ASCB  Annual  Meeting, 
Philadelphia,  PA,  12/11/2010 

12.  Weaver,  V.M.  Invited  Session  Speaker,  "Forcing  Tumor  Progression  and  Metastasis",  “Session  5: 
Matrix,  Stroma,  and  Metastatic  Sites”,  NCI2011  Winter  TMEN,  Meeting,  Bethesda,  MD,  2/16/2011 
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13.  Weaver,  V.M.,  Invited  Symposium  Speaker,  “Cell  and  Tissue  Mechanics  and  Modeling  -  AFM  and 
Rheology,  Small  to  Tissue  Scale  Session”,  The  Force  Journey  of  a  Tumor  Cell,  Biophysical  Society 
Meeting  2011,  Baltimore,  MD,  3/05/2011 

14.  Weaver,  V.M.,  Invited  Symposium  Speaker,  “Session  4:  Tumor  Cell  and  Stroma  Therapeutics”, 
“Frontiers  in  Cancer  Research  and  Therapy,  "Forcing  Tumor  Progression  and  Metastasis”,  Nobel 
Forum,  Karolinska  Institute!,  Stockholm,  Sweden,  3/10/201 1 

15.  Weaver,  V.M.,  Symposium  Speaker,  Session  on  Cell  in  Context.  Sweet  and  Slimey  Forces  Regulate 
Tumor  Progression,  Max  Planck  Mechanobiology  Conference,  Dresden,  Germany,  3/23/201 1 

D.  Invited  Institutional  Presentations: 

1.  Weaver,  V.M.,  “Forcing  Tumor  Progression  and  Metastasis”,  Department  of  Bioengineering,  Invited 
Seminar  Speaker,  University  of  Pittsburgh,  Pittsburgh,  PA„  4/22/2010 

2.  Weaver,  V.M.,  The  Force  Journey  of  a  Tumor,  UCSD  Department  of  Bioengineering,  Invited 
Seminar  Speaker,  San  Diego,  CA,  4/30/2010 

3.  Weaver,  V.M.,  Forcing  Form  and  Function,  Invited  Retreat  Speaker  UCSF  Helen  Diller  Family 
Comprehensive  Cancer  Center  Retreat,  Mill  Valley,  CA,  5/04/2010 

4.  Weaver,  V.M.,  Force,  Tissue  Homeostasis  and  Malignancy,  National  Institute  of  Cancer  Research 
Invited  Institutional  Speaker  Visiting  Scientist,  National  Health  Research  Institute,  Taiwan, 
11/24/2010. 

5.  Weaver,  V.M.,  The  force  journey  of  a  tumor.  Cancer  Biology  &  Genetics  Research,  Invited  Seminar 
Speaker  (CBG-RSS),  Sloan  Kettering  Medical  School,  Department  of  Oncology  New  York,  NY, 
12/02/2010 

6.  Weaver,  V.M.,  “The  Force  Journal  of  a  Tumor  Cell”,  Florida  International  University,  Department 
of  Biological  Sciences  Invited  Seminar  Speaker,  Miami,  FL,  1/30/2011. 

7.  Weaver,  V.M.  “The  Force  Journey  of  a  Tumor’,  UCSD  Department  of  Cell  and  Developmental 
Biology  Invited  Seminar  Speaker,  San  Diego,  CA,  2/07/2011. 

8.  Weaver,  V.M.,  "Tissue  Context  and  Treatment  Resistance  in  Breast  Tumors",  Joint  PSOC-ICBP 
Meeting,  Invited  Session  Speaker,  Berkeley,  CA,  3/16/2011. 

9.  Weaver,  V.M.,  "The  Force  Dialogue  of  a  Tumor  Cell",  UCSF  Special  Conference  on  the  Biophysics 
of  Cancer,  Mission  Bay  Campus,  Helen  Diller  Comprehensive  Cancer  Center,  San  Francisco,  CA, 
3/18/2011. 

F.  Student  Matriculation/Ph.D.  Degrees 

Ryan  Giles,  Masters  Degree  Bioinformatics  UCSF  201 1 

F.  Extramural  Funding  Acquired  due  to  funding  from  the  current  award 


1.  P50  CA  58207  (van’t  Veer) 


5/1/2010-4/30/2011 
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NIH/NCI  SPORE  (Pilot  Project  PI)  $23,000 

Risk  to  Malignancy  and  Immune  and  Collagen  Status 

The  major  goals  of  this  project  are  to  assess  functional  links  between  immune  infdtrate,  collagen  status 
and  breast  tumor  risk  and  progression  in  primary  fresh  human  breast  specimens. 

2.  lUOl  ES019458-01  (Werb)  7/1/2010-6/30/2015  0.6  calendar 

NIH/NCI  (Collaborator)  $95,000 

Environmental  Effect  on  the  Mammary  Gland  across  the  Lifespan 

The  major  goal  of  this  program  is  to  determine  the  susceptible  times  in  breast  developments  and  how 
they  are  affected  by  environmental  stressors. 

3.  ROl  (Moses)  4/1/2011  -3/31/2016  1.2  calendar 

NIH/NCI  (Weaver:  Co-PI)  $65,000 

TGF-B  Suppression  and  Promotion  of  Mammary  Carcinomas 

The  major  goal  of  this  project  is  to  study  the  role  of  TGF  beta  on  mammary  tumor  metastasis. 

4.  R01CA140663-01A2  (Parvin)  4/1/2011  -3/31/2015  1.2  calendar 

NIH/NCI  (Weaver:  Co-PI)  $70,000 

High  Content  Representation  and  Association  of  3D  Cell  Culture  Models 

The  major  goal  of  this  study  is  to  apply  new  quantitative  strategies  to  clarify  the  molecular  mechanisms 
whereby  mechanical  force  could  regulate  malignant  transformation. 

Progress  Summary  and  Conclusions 

In  this  past  fiscal  year  of  year  one  of  our  no  cost  extension  we  successfully  completed  the  work  for, 
summarized  findings  and  submitted  studies  for  several  peer  reviewed  publications  dealing  with  the 
interplay  between  tissue  tension  -  and  in  particular  ECM  stiffness  and  breast  tumor  progression  and 
metastasis.  Several  additional  manuscripts  have  been  accepted  and  other  articles  directly  relating  to 
treatment  resistance  are  in  their  second  round  of  revision  or  are  undergoing  additional  peer  review.  We 
have  managed  to  use  research  findings  generated  through  studies  funded  by  this  Scholar  Award  to 
obtain  extramural  NIH/NCI  funding  and  have  initiated  several  research  collaborations  with  a  focus  on 
breast  cancer  and  environmental  risk  factors  as  well  as  clinical  translation  (see  above).  Over  the  past 
year  we  have  given  over  two  dozen  invited  formal  presentations  at  National  and  International 
Conferences  and  through  invitations  to  research  institutions  and  universities.  We  have  also  successfully 
assisted  another  student  to  complete  their  academic  training  with  completion  of  a  Masters  degree  in 
Bioinformatics  from  UCSF. 

Experimentally  we  have  continued  to  expand  the  scope  of  our  analysis  of  the  relevance  of  tissue  tension 
on  tumor  progression  through  a  series  of  studies  to  examine  effects  on  tumor  metastasis  using  several 
existing  breast  tumor  models.  These  studies  demonstrated  that  tissue  tension  primarily  mediated  through 
ECM  remodeling  and  cross-linking  significantly  regulates  not  only  primary  tumor  evolution  but  also 
breast  tumor  metastasis.  Preliminary  findings  suggest  that  an  altered  ECM  could  promote  tumor 
aggression  by  altering  immune  function  and  promoting  tumor  inflammation  through  modulation  of 
chemokines  and  cytokines.  Moreover,  we  found  that  reducing  ECM  tension  also  restores  vascular 
perfusion  of  the  tumor  suggesting  one  potential  mechanism  whereby  tissue  tension  promotes  aggression 
could  be  by  inducing  tumor  hypoxia.  Studies  in  the  upcoming  year  will  focus  on  exploring  these 
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mechanisms  in  more  detail.  In  this  regard,  we  have  initiated  collaborations  with  Dr.  Harold  Moses  at 
Vanderbilt  who  has  been  studying  how  loss  of  TGF  beta  receptor  two  function  in  breast  tumor 
epithelium  promotes  tumor  aggression  and  metastasis  through  recruitment  of  myeloid  progenitor  cells. 
We  found  that  myeloid  progenitor  cells  express  high  levels  of  TGF  beta.  Because  TGF  beta  directly 
regulates  LOX  expression  we  are  in  the  process  of  exploring  the  functional  importance  of  LOX 
mediated  collagen  cross  linking  and  stiffness  to  this  aggressive  tumor  type.  Fortunately,  we  were  able  to 
secure  NIH  funding  to  partially  fund  this  new  work  (see  above). 

We  have  made  additional  progress  towards  assessing  the  clinical  relevance  of  ECM  remodeling  and 
stiffening.  We  have  secured  IRBs  to  explore  the  interplay  between  collagen  remodeling,  tumor 
inflammation  and  tumor  progression  and  have  begun  to  collect  surgical  discard  tissue  for  mechanical 
analysis.  Preliminary  studies  indicate  that  analogous  to  mouse  cancer  -  human  breast  tumors  are 
significantly  stiffer  than  normal  tissue.  More  exciting  however  is  our  observation  that  non  progressive 
breast  lesions,  while  stiffer  than  normal  are  not  nearly  as  stiff  as  invasive  breast  lesions.  In  the  next  year 
we  will  be  examining  the  status  of  the  collagens  in  these  tissues  using  an  array  of  imaging  as  well  and 
biochemical  assays  including  a  new  cross-linking  assay  we  set  up  recently  in  the  laboratory.  Thus,  we 
have  set  up  and  validated  a  collagen  cross-linking  assay  in  our  laboratory  using  HPLC  which  can  now 
be  used  not  only  for  our  animal  studies  but  also  to  assess  the  relevance  of  collagen  cross-linking  in 
human  breast  tumor  risk  to  malignancy  and  tumor  progression.  It  is  our  hope  that  this  assay  could  assist 
with  identifying  high  risk  populations  of  women  and  stratify  patients  into  groups  with  poor  versus  good 
prognosis. 

To  expedite  our  studies  we  have  in  addition,  successfully  generated  a  novel  animal  model  in  which  beta 
1  integrin  is  induced  to  cluster  and  assemble  mature  focal  adhesions.  Because  studies  using  human  cell 
lines  indicated  that  clustering  of  beta  1  integrin  promotes  tumor  progression  and  that  ECM  tension 
promotes  tumorigenesis  by  inducing  beta  1  integrin  clustering  and  focal  adhesion  assembly  we  expect 
that  this  mutant  will  be  a  strong  tumor  promoter.  The  availability  of  this  model  will  provide  the  breast 
cancer  research  community  with  an  important  new  tool  with  which  they  can  explore  the  interplay 
between  tissue  tension  and  integrin-dependent  signaling  in  tumor  progression  and  treatment 
responsiveness.  In  addition  to  this  animal  model  we  have  also  made  excellent  progress  towards 
generating  a  second  valuable  LOX  knockout  model  which  should  reduce  ECM  tension.  This  model  will 
allow  a  careful  examination  of  the  importance  of  ECM  stiffness  in  breast  tumor  progression  and 
metastasis. 

With  respect  to  treatment  responsiveness  we  have  identified  a  novel  molecular  mechanism  mediated 
through  NCoR2  that  induces  treatment  resistance  in  breast  tumors  by  regulating  IRF-1  dependent  stress 
gene  expression.  The  NCoR2  treatment  resistance  mechanism  we  identified  and  explored  in  our  studies 
illustrates  the  importance  of  eliciting  a  field  effect  through  gene  amplification  to  efficiently 
treatment/eradicate  breast  tumors  in  situ.  The  clinical  relevance  and  translation  utility  of  an  NCoR2  gene 
expression  signature  we  generated  is  something  we  are  now  in  the  process  of  exploring  in  collaboration 
with  the  UCSF  Breast  Cancer  Spore  and  with  colleagues  from  the  Huntsman  Cancer  Institute. 
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Introduction 


It  has  long  been  understood  that  the  development  of  malignancy  resulting  from  tumor 
progression  is  contingent  on  the  tumor  epithelium  acquiring  characteristics  that  enable 
migration  away  from  the  site  of  origin  and  invasion  of  distant  tissues.  To  become 
malignant,  tumor  epithelial  cells  must  first  limit  their  interactions  with  neighboring  cells, 
compromise  and  penetrate  the  extracellular  matrix  that  sequesters  them  at  their  site  of 
origin,  and  gain  the  ability  to  efficiently  migrate  through  tissues  in  order  to  access  potential 
sites  of  dissemination  such  as  lymphatics  or  vasculature^^.  The  acquisition  of  migratory 
and  invasive  characteristics  by  tumor  cells  is  reliant  upon  both  intrinsic  genetic  changes 
within  the  tumor  epithelium,  as  well  as  a  number  of  extrinsic  biochemical  and 
biomechanical  changes  that  accumulate  within  tumor  tissues  as  they  progress  towards 
malignancy  Historically,  cancer  research  has  focused  on  understanding  the  genetic 
and  biochemical  regulation  of  tumor  progression  while  the  biomechanical  influences  of 
tumor  progression  have  only  recently  been  studied  in  depth  as  technologies  develop  that 
enable  researchers  to  closely  and  accurately  examine  the  mechanical  characteristics  of  the 
tumor  epithelium  and  its  microenvironment.  Clear  evidence  has  emerged  indicating  that 
mechanical  forces  arising  from  the  increased  volume  of  epithelial  cells  as  they  grow, 
contractile  forces  exerted  by  the  tumor  epithelial  cells,  and  the  desmoplastic  response,  are 
closely  associated  with  tumor  progression.  In  fact,  it  is  becoming  apparent  that 
biomechanical  cues  are  integrated  with  biochemical  and  genetic  cues  at  every  step  of 
tumor  progression  from  initiation  through  malignancy. 


While  numerous  studies  have  come  to  the  clear  conclusion  that  biomechanical  forces 


within  the  extracellular  environment  of  the  tumor  epithelium  widely  affect  tumor 
progression  and  malignancy  at  the  cellular  level,  the  methods  used  to  examine  the  effect  of 
biomechanics  during  tumor  progression  in  vivo  have  been  limited  to  low-resolution  force 
measurements  such  as  sonal  elastography,  as  well  as  confined  and  unconfined  compression 
testing.  Nonetheless,  acquisition  of  high-resolution  force  measurements  of  the  in  vivo 
tumor  microenvironment  is  necessary  to  clearly  identify  the  makeup  and  structural 
features  of  the  tumor  microenvironment  that  biomechanically  influence  tumor 
progression.  Methods  for  acquiring  high-resolutions  force  measurements  with  tools  such 
as  the  atomic  force  microscope  [AFM]  are  very  attractive  since  measurements  can  be 
obtained  while  samples  remain  unfixed  and  hydrated  at  physiologic  temperatures  and  in 
physiologically  relevant  buffers.  In  fact,  AFM  has  been  successfully  utilized  to  obtain  elastic 
measurements  of  soft  tissues  such  as  articular  chondrocytes  and  cartilage  from  dissected 
tissues.  Damage  to  tissues  resulting  from  sharp  AFM  indentors,  the  strong  adhesiveness 
between  indentors  and  soft  adipose  tissues,  precise  optical  positioning  of  indentors  at  the 
microscale  and  uneven  tissue  surfaces  have  all  limited  the  use  of  AFM  force  measurements 
in  the  mammary  gland.  In  this  paper  we  describe  a  novel  approach  for  obtaining  a  reliable 
young's  modulus  measurement  from  soft  mammary  tissues  that  relies  on  the  rapid 
cryopreservation  of  the  tissue  in  a  manner  that  preserves  the  mechanical  properties  of  the 
tissue.  Using  cryopreservation  we  are  then  able  to  section  the  tissue  to  obtain  a  proper 
geometry  to  increase  the  reliability  of  our  young's  modulus  measurements,  as  well  as 
improving  our  optical  abilities  in  such  a  way  that  mechanical  force  mapping  can  be  married 
to  biochemical  visualization  methods  such  as  immunofluorescence. 


immunohistochemistry,  or  two-photon  second  generation  harmonics  generation 
microscopy. 


Results 

In  Situ  biomechanical  measurements  of  mammary  gland  transformation. 

A  variety  of  techniques  such  as  unconfined  compression,  ultrasound  and  MRI 

elastography,  have  been  used  to  measure  the  mechanical  properties  of  mammary  gland 
transformation  (Ref).  However,  while  the  determination  of  the  mechanical  properties  of 
the  mammary  gland  using  these  techniques  have  clearly  associated  an  altered 
biomechanical  landscape  with  mammary  epithelial  transformation  and  progression,  the 
relatively  low  resolution  mapping  used  by  these  techniques  have  not  yet  clarified  the 
nature  of  biomechanical  transformation  at  a  molecular  level. 

To  examine  how  the  biomechanical  environment  is  altered  during  tumor 
progression  at  high  resolution,  we  use  AFM  as  it  permits  the  acquisition  of  accurate  and 
reproducible  elasticity  measurements  with  high  spacial  precision,  even  as  tissue  is 
immersed  in  a  physiologically  appropriate  solution.  Rhodamin  (Rh)  labeled  lectin  was 
perfused  into  the  vasculature  prior  to  the  sacrifice  of  8-12  week  old  FVB/MMTV-PyV 
mT/ACTB-ECFP  female  mice.  Normal  mammary  gland  and  mammary  gland  tumors  were 
excised  and  sub-dissected  to  measure  1  cm.  in  diameter  and  2-5  mm.  thick  and  adhered 
onto  positively  charged  microscope  slides.  Processing  of  tissues  in  this  manner  allows  for 
adequate  visualization  of  the  gross  morphology  of  the  ex-vivo  tissue  when  placed  under 


phase  contrast  or  fluorescence  lighting  on  an  inverted  microscope  while  also  allowing  the 


correct  placement  of  the  AFM  tip  for  indentation.  Adipose  cells  resident  in  the  mammary 
gland  are  clearly  visualized  under  phase  lighting  yet  remain  optically  clear  to  fluorescence 
allowing  visualization  of  the  tumor  epithelium  and  of  the  tissue  vasculature  by  CFP 
fluorescence  and  Rh-Lectin  fluorescence  imaging  [FigurelA].  The  fluorescently  labeled 
mammary  tumor  allows  the  precise  positioning  of  the  AFM  cantilever  to  either  the 
mammary  gland  tumor  or  the  surrounding  tissue  including  the  vasculature.  Force  mapping 
indentation  experiments  were  carried  out  in  the  regions  indicated  (Figure  lA,  Box].  9 
indentations  were  collected  for  each  region  in  a  raster  fashion  to  generate  force  maps 
(Figure  lA,  graph].  All  indentations  were  carried  out  using  pyramidal  indentors 
(/f=0.06N/m]  that  were  coupled  with  a  5pm  borosilicate  sphere  to  minimize  damage  to  the 
tissue,  while  also  collecting  measurements  at  the  micro-scale. 

AFM  indenter  positioning  with  high  precision  over  the  tumor  epithelium,  the 
vasculature  or  the  surrounding  tissue,  allows  for  spacially  precise  examination  of  the 
mechanical  properties  of  distinct  regions  in  the  mammary  gland  tumor  associated  with 
transformation.  The  mammary  gland  duct  undergoes  increased  stiffening  as  it  progresses 
from  a  normal  duct,  to  hyperplasia  and  finally  a  tumor  (Figure  IB],  consistent  with 
previously  published  measurements  However,  measurements  obtained  by  AFM 
indentation  builds  on  previous  work  as  indenter  positioning  can  be  placed  to  distinguish 
the  tumor  epithelium  from  the  surrounding  tissue.  Improved  positioning  allows 
measurements  of  distinct  regions  within  the  tumor  such  as  the  invasive  front  of  the  tumor, 
or  non-invasive  areas  (Fig  IB].  Measurements  taken  in  these  regions  show  large 
biomechanical  differences.  The  invasive  fronts  of  the  tumor  measure  approximately  4 
times  stiffer  than  non-invasive  tumor  fronts.  This  strongly  suggests  a  role  for  the 


biomechanical  properties  of  the  surrounding  stroma  in  promoting  the  invasiveness  of  the 
mammary  epithelium. 


In  the  process  of  this  study  we  discovered  that  although  reliable  elastic  modulus 
measurements  can  be  obtained  from  fresh  mammary  gland  tissues  numerous  limitations 
and  difficulties  with  this  technique  remain.  Dissection  of  the  tissue  with  surgical  tools  and 
shaping  into  the  proper  geometry  to  prepare  for  AFM  indentation  leads  to  the  creation  of 
tissue  surfaces  that,  on  occasion,  restrict  access  of  the  AFM  indenter  and  complicate  the 
optical  positioning  of  the  AFM  indenters.  Sharp  AFM  indentors  are  not  ideal  for  the 
acquisition  of  force  measurements  as  these  easily  damage  soft  tissue.  Instead,  large 
spherical  indenters  should  be  used  to  acquire  measurements  at  a  greater  scale  and  with 
less  damage  to  the  delicate  mammary  tissue.  However,  the  natural  adiposity  of  the 
mammary  gland  leads  to  strong  adhesiveness  between  the  large  spherical  indenters  and 
the  tissue  making  the  acquisition  of  measurements  a  highly  time  consuming  task  that 
cannot  not  be  performed  in  a  routine  manner.  Additionally,  the  acquisition  of 
measurements  is  limited  a  short  time  after  dissection  to  maintain  tissue  freshness  and 
preclude  tissue  degradation  in  an  effort  to  maintain  accurate  and  physiologically  significant 
mechanical  measurements.  Thus,  we  found  it  necessary  to  improve  our  technique  to 
maximize  efficiency  while  also  improving  the  reliability  and  repeatability  of  the  technique. 


Vitrification  of  mammary  gland  tissue  does  not  alter  mechanical  properties. 

To  address  the  limitations  of  AFM  when  taking  mechanical  measurements  on  fresh  tissues, 
we  found  it  necessary  to  section  the  excised  mammary  gland  tissues.  Sectioning  of  tissue 


sections  creates  a  surface  that  is  thin  enough  to  provide  optical  clarity,  and  uniformly  level 
to  maximize  access  of  the  AFM  indentor  while  minimizing  adhesive  forces  between  the 
spherical  indentor  and  the  tissue.  The  flat  geometry  of  sectioned  tissues  improves  the 
power  of  the  Hertz  equation  to  model  the  stiffness  of  a  flat  substrate  when  using  a  spherical 
indentor.  Given  the  extremely  pliable  and  adhesive  nature  of  the  mammary  gland, 
attempts  at  sectioning  freshly  dissected  mammary  tissue  on  a  conventional  microtome  or  a 
vibratome  were  unsuccessful  as  the  blades  failed  to  cut  into  the  tissue  uniformly  and  often 
glide  over  the  surface  of  the  tissue  causing  significant  damage.  This  holds  true  even  when 
tissue  is  embedded  in  various  kinds  of  molds  to  stabilize  the  tissue.  To  section  the 
mammary  gland  tissue  with  conventional  microtomes  or  vibratomes,  it  is  necessary  to 
either  fix  the  tissues  or  chemically  treat  them,  thus  potentially  compromising  their 
biomechanical  integrity. 

Cryosectioning  is  commonly  used  during  histologic  examination  to  section 
mammary  gland  tissues,  preserving  the  specimen  biochemically  intact  to  enable  immuno- 
staining  of  difficult  antigens.  However,  it  remained  unclear  whether  freezing  in  the 
absence  of  fixatives  preserves  the  biomechanical  properties  of  the  mammary  gland. 
Damage  to  tissue  resulting  from  freezing  occurs  due  to  rapid  changes  in  osmolarity  as  well 
as  the  formation  of  ice  crystals.  Pure  water  exists  in  3  distinct  solid  states;  hexagonal 
crystals,  cubic  crystals  or  in  a  vitreous,  amorphous  form^  ^  Crystalline  ice  expands  and 
physically  damages  tissues  and  may  compromise  the  mechanical  properties  of  the  tissue. 
However,  ice  in  the  vitreous  form  remains  amorphous,  in  a  glass  like  state  that  does  not 
expand  upon  solidification  making  it  a  highly  desirable  state  of  ice  for  the  freezing  and 
preservation  of  biological  specimens.  The  solid  state  that  water  acquires  depends  not 


temperature,  but  rather  the  rate  at  which  the  water  is  frozen.  Slow  freezing  water 
promotes  the  formation  of  crystalline  solid  states  of  water,  while  high  rates  of  freezing  will 
confine  water  to  its  amorphous,  vitreous  form.  Importantly  for  the  preservation  of 
biological  specimens,  water  in  the  vitreous  form  can  restructure  into  crystalline  forms  if 
deep  freezing  is  not  maintained.  Amorphous  ice  can  restructure  into  cubic  crystals  at 
temperatures  above  -121C  and  into  hexagonal  crystals  at  temperatures  above  -80C. 
Fortunately,  the  restructuring  of  water  from  one  solid  state  to  another  is  a  slow  conversion 
that  depends  largely  on  temperature  gradients  and  the  purity  of  the  water. 

To  examine  if  rapidly  freezing  mammary  gland  tissue  preserves  the  biomechanical 
properties  of  the  specimens,  we  excised  mammary  glands  from  12-14  week  old  MMTV-  PyV 
mt/FVB  mice  as  described  above.  The  tissues  were  sub-dissected  as  described  above  and 
placed  on  a  custom-made  chamber.  The  tissues  were  indented  as  described  above  taking 
note  of  the  placement  of  the  AFM  indenter  on  the  tissues.  Tissues  were  then  either  frozen 
slowly  by  progressively  moving  the  custom-chamber  through  isopropanol  chilled  to  -20C 
and  -80C  prior  to  immersing  the  tissue  in  liquid  nitrogen,  or  tissues  were  flash-frozen  in 
place  by  rapid  immersion  into  liquid-nitrogen.  The  tissues  were  then  thawed  slowly  by 
progressively  moving  the  chamber  in  the  reverse  order  to  when  frozen,  or  rapidly  thawed 
by  immersing  the  tissue  in  relatively  large  quantities  of  PBS  at  room  temperature. 

Tissues  which  had  been  slowly  frozen  and  then  slowly  thawed  showed  large 
changes  in  their  physical  appearance  that  reflect  damage  inflicted  by  the  expansion  and 
crystallization  of  water  [Figure  2A3.  Adipose  cells  appeared  lysed,  the  volume  of  the  tissue 
decreased,  the  optical  clarity  of  the  tissue  was  increased  and  the  borders  of  the  tissue  were 


less  defined.  Importantly,  the  measured  young's  modulus  of  the  tissue  decreased  an 
average  of  60%  after  slow-freeze  and  slow-thaw.  On  the  other  hand,  tissue  that  was 
rapidly  frozen  and  rapidly  thawed  maintained  its  morphology  intact  (Fig  26].  The  small 
size  of  the  dissected  tissues  and  the  large  volume  of  liquid-nitrogen  used  relative  to  the  size 
of  the  dissected  tissues,  minimize  the  formation  of  thermal  gradients  within  the  tissues  that 
leads  to  the  formation  of  crystals  in  the  interior  of  the  tissue.  The  cells  in  the  tissue  did  not 
lyse,  the  optical  density  of  pre  and  post  frozen  tissues  were  similar  and  the  tissue 
maintained  a  similar  shape  and  borders.  Most  importantly,  indentation  showed  no 
significant  changes  in  elastic  mechanical  properties  of  the  tissue.  Rapid-freezing/rapid- 
thawing  of  the  tissue  led  to  just  an  average  6%  change  in  the  Young’s  elastic  modulus,  while 
rapid-freezing/slow-thawing  and  slow-freezing/slow-thawing  led  to  a  52%  and  64% 
change  in  the  Young’s  elastic  modulus.  Furthermore,  the  young’s  elastic  modulus  did  not 
change  regardless  of  the  initial  stiffness  of  the  tissue.  Biomechanical  properties  of  the 
mammary  gland  were  preserved  on  both  stiff  and  soft  tissues  as  long  as  the  freezing  and 
thawing  rate  of  the  cryopreservation  occurred  rapidly. 

Given  the  high  resolution  of  AFM  indentation,  even  when  using  a  5pm  indenter,  and 
the  heterogeneous  nature  of  mammary  gland  tissues,  we  wanted  to  repeat  the  above 
experiment  without  moving  the  tissue  on  the  stage  to  ensure  that  the  pre-freeze  and  post¬ 
freeze  indentations  occurred  in  precisely  the  same  geographic  location  on  the  tissue.  To  do 
this  we  mounted  fresh  tissue  onto  the  custom-made  chamber  and  indented  the  tissue  in  5 
locations  as  described  above  across  a  region  containing  fibrous  tissue  as  well  as  adipose 
cells,  making  note  of  the  precise  geographic  location  of  the  indenter  in  software  and  then 
lifting  the  AFM  head  away  from  the  tissue.  Without  moving  the  chamber  or  the  tissue  on 


the  stage,  the  tissue  was  immersed  in  liquid  nitrogen  while  still  on  the  AFM  stage  for  Imin., 
the  liquid  nitrogen  was  then  removed  and  rapidly  perfused  with  large  quantities  of  room 
temperature  PBS  to  achieve  a  rapid  freeze  and  a  rapid  thaw.  The  AFM  head  was  then 
replaced  in  its  original  location  and  indentations  then  repeated  at  the  same  location  on  the 
tissue.  Rapid  freezing  and  thawing  in  this  manner  maintained  tissue  position  on  the  stage 
and  ensured  that  the  AFM  indenter  could  be  placed  precisely  as  it  had  been  prior  to 
freezing.  Some  differences  could  be  observed  in  the  optical  clarity  of  the  tissue, 
presumably  due  to  the  fact  that  liquid  nitrogen  immersion  while  tissues  remain  on  the 
stage  doe  not  allow  liquid  nitrogen  ready  access  to  the  base  of  the  tissue  [Figure  3b).  This 
creates  a  temperature  gradient  within  the  tissue  that  can  lead  ice  crystallization  at  the  base 
of  the  tissue.  In  contrast,  the  surface  of  the  tissue  shows  intact  structures  including 
adipose  cells  while  the  tissue  maintained  its  shape  and  overall  morphology.  Most 
importantly,  however,  the  elastic  modulus  of  the  surface  of  the  tissue  remained  laregely 
unchanged  [Figure  3A].  Indentations  across  the  5  different  points  showed  variable  elastic 
modulus  ranging  from  20-70kPa.  Trends  in  the  variation  across  these  5  points  were 
maintained  after  rapid-freezing  and  rapid-thawing  the  tissue.  The  absolute  values  of  the 
measurements  also  remained  relatively  constant  varying  only  an  average  of  7%  overall. 
These  results  indicate  a  potential  for  vitrification  in  preserving  the  mechanical  properties 
of  mammary  gland  tissue.  However,  it  is  clear  that  vitrification  must  occur  in  a  uniform 
manner  that  is  largely  dependent  on  ready  access  of  the  liquid  nitrogen  to  the  tissue  to 
prevent  the  formation  of  thermal  gradients. 


In  Situ  high  resolution  force  mapping  of  mammary  gland  tissues. 


The  biomechanical  preservation  of  tissues  by  vitrification  in  liquid  nitrogen 
facilitates  sectioning  of  the  tissue  in  a  geometry  that  optimizes  AFM  indentation  while 
improving  optical  clarity  to  ensure  precise  positioning  of  the  indenter  on  regions  of 
interest  [Figure  4A].  The  flat  geometry  of  sectioned  tissue  also  minimizes  the  adhesive 
interactions  between  the  tissue  and  the  indenter  material  to  increase  the  rate  of 
indentation  acquisition  across  the  tissue.  High-resolution  force  maps  can  be  obtained  with 
high  geographic  accuracy  on  the  tissue,  and  in  a  very  rapid  manner.  In  fact,  multiple  force 
maps  are  easily  generated  from  a  single  tissue  section,  representing  multiple  different 
microenvironments  present  within  the  tissue. 

By  positioning  the  tip  at  the  interface  between  the  tumor  epithelium  and  the  stroma, 
force  maps  are  generated  that  demonstrate  distinct  biomechanical  properties  of  the 
extracelluar  matrix  across  tumor  types  or  between  different  areas  of  a  single  tumor.  As  the 
mammary  epithelium  progresses  from  normal,  to  pre-malignant  and  finally  malignant 
tumors,  a  progressive  increase  in  the  young’s  elastic  modulus  of  the  ECM  surrounding  the 
tumor  epithelium  is  mapped  [Figure  4A).  The  young’s  elastic  modulus  of  the  ECM 
surrounding  the  ductal  epithelium  increases  from  an  average  of  1.1  kPa  in  the  normal  duct, 
to  1.3  in  pre-malignant  ducts  and  1.5  kPa  in  malignant  ducts.  The  Young’s  elastic  modulus 
of  adipose  or  epithelial  cells  remain  unchanged,  however.  While  cells  are  visible  by  phase 
contrast  lighting,  or  when  fluorescently  tagged  with  Hoecst  3332  to  label  the  nuclei,  the 
mechanical  integrity  of  these  cells  is  compromised  when  cryo-sectioned.  As  a  result. 


measurements  obtained  from  these  compartments  do  not  necessarily  reflect  the  cortical 


stiffness  of  the  cells. 

AFM  force  mapping  can  be  coupled  to  techniques  traditionally  used  to  visualize 
biomolecules  using  immunofluorescent  or  histochemical  staining  techniques  to  identify  the 
molecular  nature  of  biomechanical  features  that  have  been  shown  to  affect  tumor 
progression.  Collagen  crosslinking  has  been  recently  shown  to  alter  the  biomechanical 
properties  of  the  microenvironment  surrounding  the  mammary  epithelium  leading  to 
biochemical  changes  in  the  epithelium  such  as  enhanced  P13  kinase  activity,  promotion  of 
focal  adhesions  and  increased  integrin  clustering"^.  Force  mapping  of  cryosectioned 
mammary  gland  tissue  was  coupled  to  histological  examination  of  collagens  by  picrosirius 
red  to  visualize  how  changes  in  the  collagen  content  of  tissues  relates  to  its  biomechanical 
properties.  It  is  clear  that  as  the  epithelium  progresses  from  hyperplasia,  to  ductal 
carcinoma  in  situ  and  finally  to  invasive  carcinoma,  drastic  changes  in  collagen  content 
surrounding  the  tumor  are  associated  with  progression.  Normal  epithelium  and  pre- 
malignant  tumors  are  surrounded  by  a  high  degree  of  thick  collagen  fibers  as  indicated  by 
red  picrosirius  red  staining  (Figure  4A,  top  and  middle  row].  On  the  other  hand,  invasive 
tumors  are  surrounded  by  increased  amounts  of  thinner  collagen  bundles  as  indicated  by 
the  yellow  color  of  the  picrosirius  red  statining  (Figure  4A,  bottom  row]. 


Discussion 

Sonal  and  MRl  elastography,  and  physical  palpations  leave  no  doubt  that  the 
pathogenesis  of  metastatic  breast  cancer  is  clearly  influenced  by  the  biomechanical 


microenvironment  of  the  tumor  epithelial  cells  and  can  be  used  as  a  prognostic  to  detect 
disease  progression.  While  the  influence  of  biomechanics  on  tumor  epithelial  cell  behavior 
has  been  successfully  studied  in  vitro,  studies  capable  of  examining  the  underlying  physical 
changes  leading  altered  biomechanical  microenvironment  with  high  resolution  in  situ  have 
been  limited  by  the  available  technology.  In  this  paper  we  present  a  method  of 
cryopreserving  tissues  in  situ  that  allows  the  collection  of  accurate  physical  measurements 
of  mammary  tissue  with  AFM  while  also  allowing  subsequent  biochemical  examination. 

The  formation  of  damaging  ice  crystals  and  osmotic  gradients  during  freezing  is 
contingent  on  the  rate  of  freezing.  Rapid  freezing  and  rapid  thawing  can  preclude  the 
formation  of  damaging  ice  crystals  and  osmotic  gradients.  In  this  study  we  demonstrate, 
that  by  utilizing  these  principles  both  the  biochemical  and  biomechanical  nature  of  the 
tissue  can  be  preserved  when  tissues  are  rapidly  frozen  and  then  rapidly  thawed.  In  fact, 
sectioning  of  tissues  that  have  been  cryo-preserved  improves  the  biomechanical  accuracy 
of  AFM  measurements  as  the  geometry  necessary  for  Hertz  modeling  of  a  spherical 
indentor  interacting  with  a  flat  substrate  is  optimized.  The  optical  clarity  of  thin  tissue 
sectioning  enables  precise  geographical  positioning  of  the  AFM  indentors  in  a  manner  that 
allows  subsequent  histochemical  examination  of  the  very  same  location  within  the  tissue. 
We  present  an  example  of  sequential  biomechanical  and  biochemical  examination  utilizing 
the  Wnt  mouse  model  of  breast  cancer.  The  ECM  surrounding  the  ducts  of  these  mice  were 
force  mapped  and  then  stained  for  picrosisius  red  so  that  a  direct  correlation  can  be  made 
between  collagen  content  and  the  nature  of  collagen  fibers  as  well  as  their  mechanical 


properties. 


Despite  the  improvement  in  examining  the  nature  and  properties  of  the  ECM  that 
cryopreservation  and  AFM  provide,  this  technique  does  not  provide  reliable  information 
regarding  the  mechanics  of  the  tumor  epithelium.  Sectioning  of  cryogenically  preserved 
tissues  results  in  lethal  damage  to  cells  that  prevents  the  direct  acquisition  of  mechanical 
measurements  of  cells.  Thus,  this  technique  is  limited  to  querying  the  non-cellular  tissue 
elements  for  their  mechanical  properties.  Additionally,  the  use  of  spherical  indentors  to 
preclude  tissue  damage  and  adhesion  that  occurs  with  sharp  indentors  significantly 
increases  the  cost  of  this  technique  and  require  fitting  AFM  force  curves  to  the  Hertz  model 
to  derive  the  Young's  elastic  modulus,  a  labor  and  time  intensive  effort.  Future 
improvements  in  Hertz  model  analysis  and  the  fabrication  of  AFM  spherical  indentors  can 
potentially  alleviate  this  concern  and  improve  the  throughput  of  this  type  of  assay. 

Methods  such  as  these  open  up  the  field  of  biological  mechanics  to  a  new  line  of 
inquiry  that  can  ask  questions  regarding  the  biomechanical  properties  of  pathological 
tissues  and  relate  the  physical  properties  of  tissues  to  their  biochemical  makeup.  This  will 
allow  new  insight  by  indentifying  the  cell  types  and  molecules  are  directly  responsible  for 
altered  microenvironments  such  as  those  seen  during  the  desmoplastic  response,  or 
whether  epithelial  cell  metastasis  follows  cues  other  than  chemotactic  cues  that  can 
influence  their  malignancy.  Additionally,  a  new  metric  for  metastatic  disease  diagnosis 
may  also  emerge  if  it  is  found  that  a  distinct  biomechanical  signature  correlates  with 
malignancy  that  may  augment  current  histologic  and  biochemical  diagnosis. 
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Figure  Legends: 

Figure  1: 

Biomechanical  characterization  of  tumor  progression.  Excised  mammary  gland  tumors  are 
directly  visualized  by  GFP  fluorescence  and  the  vasculature  is  visualized  by  perfused  RH- 
Lectin  fluorescence  to  precisely  position  the  AFM  indenter  to  force  map  the  noted  areas 
(A).  Force  map  analysis  of  mammary  tumor  progression  from  normal  epithelium  to 
invasive  tumor  shows  a  corresponding  progression  in  the  biomechanical  properties  of  the 
tumor  and  the  surrounding  stroma  [B].  Scale  bar  represent  100pm. 


Figure  2: 

Vitrification  by  rapid  cryopreservation  maintains  biomechanical  properties  of  mammary 
gland  tissue.  Cryopreservation  of  tissue  by  slow  rate  freezing  causes  extensive  damage  to 
the  tissue  while  compromising  the  biomechanical  properties  of  the  tissue  (A,  top  row]. 
Rapid  cryopreservation  of  tissue  allows  vitrification  which  does  not  damage  tissue  while 
preserving  the  biomechanical  properties  of  the  tissue  in  tact  [A,  bottom  row]. 
Quantification  of  the  young’s  elastic  modulus  of  tissue  subjected  to  distinct 
cryopreservation  techniques  that  that  rapid-freeze/rapid-thaw  does  not  lead  to  changes  in 
the  biomechanical  properties  while  rapid-freeze/slow- thaw  or  slow-freeze/slow-thaw  do 
significantly  alter  the  young's  elastic  modulus  of  the  tissue  [B].  Scale  bar  represent  100pm. 
Error  bars  represent  standard  error  of  the  mean.  *P<0.05,  **P>0.05. 


Figure  3: 

In  situ  vitrification  and  indentation  do  not  alter  mechanical  properties  of  tissues.  Tissues 
pre-freeze  (B,  left]  or  post-freeze  [B, right]  were  indented  in  a  custom  chamber  without 
moving  the  tissue  from  the  AFM  stage  to  ensure  no  changes  in  indentation  locations. 
Young’s  modulus  obtained  from  these  tissues  indicates  that  vitrification  preserves 
biomechanical  properties  across  a  wide  range  of  stiffness  (A].  Scale  bar  represent  100pm. 


Figure  4: 

In  situ  force  mapping  of  cryosectioned  mammary  glands  can  be  coupled  to  traditional 
histopathological  techniques.  Cryosectioning  of  tissues  improves  visual  clarity  and 
geometry  of  the  tissue  sample  (A].  Coupling  of  AFM  with  light  microscopy  enables  precise 
placement  of  the  AFM  indenter  and  force  mapping  of  multiple  regions  in  the  tissue  (A, 
forced  mapped  region].  Scale  bar  represent  100pm.  Error  bars  represent  standard  error  of 
the  mean.  *P<0.05,  **P>0.05. 


Statistics 


Statistical  analysis  was  performed  with  GraphPad  Prism  with  a  paired  student’s  t-test 
two-way  AN  OVA. 
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Abstract 

The  mechanical  properties  (e.g.  stiffness)  of  the  extracellular  matrix  (ECM)  influence  cell  fate 
and  tissue  morphogenesis  and  contribute  to  disease  progression.  Nevertheless,  our 
understanding  of  the  mechanisms  by  which  ECM  rigidity  modulates  cell  behavior  and  fate 
remains  rudimentary.  To  address  this  issue,  a  number  of  two  and  three-dimensional  (3D) 
hydrogel  systems  have  been  used  to  explore  the  effects  of  the  mechanical  properties  of  the 
ECM  on  cell  behavior.  Unfortunately,  many  of  these  systems  have  limited  application  because 
flber  architecture,  adhesiveness  and/or  pore  size  often  change  in  parallel  when  gel  elasticity  is 
varied.  Here  we  describe  the  use  of  ECM-adsorbed,  synthetic,  self-assembling  peptide  (SAP) 
gels  that  are  able  to  recapitulate  normal  epithelial  acini  morphogenesis  and  gene  expression  in 
a  3D  context.  By  exploiting  the  range  of  viscoelasticity  attainable  with  these  SAP  gels,  and 
their  ability  to  recreate  native-like  ECM  flbril  topology  with  minimal  variability  in  ligand 
density  and  pore  size,  we  were  able  to  reconstitute  normal  versus  tumor-like  phenotype  and 
gene  expression  patterns  in  nonmalignant  mammary  epithelial  cells.  Accordingly,  this  SAP 
hydrogel  system  presents  the  first  tunable  system  capable  of  independently  assessing  the 
interplay  between  ECM  stiffness  and  multi-cellular  epithelial  phenotype  in  a  3D  context. 


Introduction 

Cells  in  vivo  are  constantly  exposed  to  an  array  of  biophysical 
forces  such  as  hydrostatic  pressure,  shear  stress,  compression 
loading  and  tensional  forces.  Cells  rely  on  these  physical 
cues  to  maintain  homeostasis  and  adapt  to  them  by  altering 
cell  signaling  and  gene  expression  and  by  remodeling  their 

^  Author  to  whom  any  correspondence  should  be  addressed. 


local  microenvironment  [1,  2].  Erom  an  organismal  point 
of  view,  extracellular  matrix  (ECM)  compliance  directs  the 
development  of  tissues  [1,3]  and  influences  the  onset  of  many 
pathological  conditions,  including  cardiovascular  disease  [4], 
arthritis  [5]  and  neural  degenerative  diseases  [6,  7].  The  ECM 
also  progressively  stiffens  in  tumors  and  recent  work  suggests 
this  phenotype  has  functional  significance  because  increasing 
ECM  rigidity  promotes  malignant  transformation,  while 
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inhibiting  ECM  stiffening  reduces  tumor  incidence  [8-10]. 
Accordingly,  clarifying  the  role  by  which  ECM  compliance 
influences  diverse  cellular  and  tissue  level  functions  is  central 
to  understanding  the  molecular  basis  for  development  and 
organ  homeostasis.  Nevertheless,  the  molecular  mechanisms 
whereby  ECM  compliance  regulates  cellular  behavior  and 
tissue  phenotype  remain  poorly  understood. 

One  frequently  employed  simplified  model  system  used  to 
study  the  effect  of  ECM  stiffness  on  cell  behavior  is  protein- 
conjugated  polyacrylamide  gels  (PA  gels)  [11-15].  These 
nearly  elastic  2D  gels  permit  the  systematic  and  predictable 
modulation  of  ECM  compliance  by  changing  cross-linker 
concentration  while  maintaining  ligand  density  and  growth 
factor  milieu  constant.  PA  gels  have  proved  quite  useful 
in  exploring  fundamental  links  between  ECM  stiffness  and 
cell  behavior,  and  when  used  in  conjunction  with  a  matrix 
overlay  assay,  they  have  illustrated  a  role  for  ECM  tension 
in  epithelial  morphogenesis  [3,  6,  10,  16-20].  These  PA 
gels  have  also  been  used  to  identify  molecular  mechanisms 
by  which  ECM  stiffness  modulates  cell  phenotype  including 
highlighting  how  ECM  compliance  can  regulate  cell  behavior 
by  influencing  integrin  adhesions  and  growth  factor  receptor 
signaling  [10,  21-24].  Indeed,  studies  using  PA  gels  have 
proved  instrumental  in  illustrating  how  physical  cues  from  the 
ECM  are  sensed  and  propagated  and  how  ECM  tension  can 
alter  membrane  receptor  function  and  nuclear  morphology 
to  modify  gene  expression  [25-27].  Yet,  most  cells  exist 
within  the  context  of  a  three-dimensional  (3D)  tissue  and  it 
is  now  recognized  that  dimensionality  per  se  is  a  profound 
regulator  of  cell  and  tissue  phenotype  [28-36].  In  this  regard, 
PA  gels  represent  a  pseudo  3D  rigidity  assay  system  because 
only  the  basal  domain  of  the  cell  remains  in  contact  with,  and 
therefore  responds  to,  the  elasticity  of  the  protein-laminated  PA 
gel.  Moreover,  while  animal  studies  have  yielded  important 
insight  regarding  the  interplay  between  ECM  topology,  and 
rigidity  within  a  3D  context  [10,  35,  37,  38]  in  vivo  tissues 
are  inherently  complex  and  hence  do  not  lend  themselves  as 
readily  to  rigorous  mechanistic  manipulations  and  quantitative 
analysis.  Accordingly,  tractable  in  vitro  systems  are  needed 
with  which  to  study  the  molecular  basis  by  which  ECM 
stiffness  influences  cellular  fate  in  the  context  of  a  3D  ECM. 

A  variety  of  natural  matrices,  such  as  Matrigel  (rBM), 
collagen  I  (col  I),  and  fibrin  gels  have  been  exploited  with 
varying  degrees  of  success  to  explore  the  effect  of  ECM 
stiffness  and  topology  in  vitro  on  cellular  behavior  and  fate 
in  a  3D  context  [39-43].  Using  these  hydrogel  systems 
gel  stiffness  has  been  routinely  modulated  by  altering  the 
concentration  or  composition  of  the  gel  constituents  or 
by  varying  cross-link  density.  Such  approaches  as  these 
however,  simultaneously  alter  gel  pore  size,  fiber  architecture, 
and/or  the  number  or  availability  of  adhesion  sites  [44,  45]. 
Eurther,  these  natural  ECM  systems  frequently  display 
inconsistencies  and  batch-to-batch  variation.  By  contrast, 
synthetic  biomaterials  promise  greater  control  of  mechanical 
and  adhesive  properties.  In  this  regard,  a  variety  of  approaches 
have  been  undertaken  to  design  3D  scaffolds  that  combine 
biological  functionality  and  the  architecture  of  natural  ECM 
materials  with  the  robust  controllability  of  synthetic  materials. 


These  scaffolds  include  agarose- stiffened  collagen  I  gels  [46], 
polyethylene  glycol  (PEG)  gels  with  tethered  adhesion  and 
degradation  sites  [47-50],  as  well  as  a  variety  of  systems 
with  dynamic  biophysical  and  biochemical  properties  [51,52]. 
Unfortunately  however,  many  of  these  gel  systems  lack  the 
appropriate  ECM-like  fiber  architecture  and  display  limited 
pore  size  with  increased  ECM  stiffness. 

Self-assembling  peptides  (SAPs)  are  a  family  of  8-32 
amino  acid  peptides  that,  when  exposed  to  physiological 
salt  solutions,  self-assemble  into  fibrils  [53,  54].  SAPs  are 
chemically  defined  and  biologically  compatible  biomaterials 
that  mimic  the  architectural  features  observed  in  some  natural 
matrices  such  as  type  I  collagen  gels  [55].  Moreover, 
SAP  family  members  support  cell  adhesion  and  can  direct 
the  differentiated  behavior  of  neural  stem  cells  [56], 
osteoblasts  [57],  hepatocytes  [58,  59]  and  endothelial  cells 
[55].  Motivated  by  these  results  we  decided  to  explore 
the  applicability  of  PuraMatrix,  one  type  of  commercially 
available  SAP,  to  study  the  interplay  between  ECM  stiffness 
and  mammary  epithelial  cell  (MEC)  morphogenesis  in  3D. 
We  determined  that  laminin-adsorbed  (ligation  of  laminin 
receptors  promotes  MEC  tissue  polarity  and  differentiation) 
PuraMatrix  SAPs  not  only  support  MEC  acinar  morphogenesis 
but  that  stiff  SAPs  promote  an  invasive  epithelial  tumor-like 
phenotype  and  do  so  without  significantly  changing  pore  size 
or  gel  architecture.  Accordingly,  we  contend  that  these  studies 
represent  the  first  demonstration  of  a  tractable,  well-defined 
hydrogel  system  that  is  able  to  recapitulate  the  biochemical  and 
micro  architectural  features  of  the  native  normal  tissue  ECM  so 
that  the  interplay  between  ECM  compliance  and  multi-cellular 
tissue  behavior  can  be  studied  in  a  3D  ‘tissue-like’  context. 

Methods 

Chemicals  and  antibodies 

We  used  commercial  EHS  matrix  (Matrigel™;  Collaborative 
Research)  for  the  rBM  assays,  telopeptide  intact  type  I  rat 
tail  collagen  (1%;  Sigma)  for  the  collagen  type  I  hydrogels 
and  aqueous  RAD16-I  (1%;  AcN-(RADA)4-CNH2;  BD 
PuraMatrix,  Becton  Dickinson)  for  the  SAP  gels.  Primary 
antibodies  used  in  these  studies  included:  mouse  monoclonal 
anti-human  cleaved  caspases-3  (clone  E83-77;  Epitomics), 
E  cadherin  (clone  36;  BD  Transduction  Laboratories), 
integrin  (clone  3E1;  Chemicon)  and  Ki-67  (clone  7B11; 
Invitrogen);  rat  monoclonal  anti-human  integrin  (clone 
AIIB2),  and  rabbit  polyclonal  anti-human  fibronectin  I 
(Millipore)  and  )0-catenin  (Sigma).  Secondary  antibodies 
used  were:  Alexa  Eluor  488-  and  555-  and  63 3 -conjugated 
anti-mouse,  anti-rat  and  anti-rabbit  IgGs  (molecular  probes). 
Additional  reagents  included  TRITC-conjugated  Phalloidin 
(molecular  probes),  diaminophenylindole  (DAPI;  Sigma), 
laminin  (L2020,  Sigma),  and  fetal  bovine  serum  (Invitrogen). 

Cell  culture 

Human  nonmalignant  MEC  MCE  10  As  were  propagated  as 
monolayers  on  tissue  culture  plastic  and  assembled  into  3D 
colonies  in  either  rBM  or  collagen/rBM  gels,  as  described 
[8,  60]. 
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Cell  death  stimulation  and  analysis 

MECs  grown  in  rBM  for  10-12  days  (3D  multi-cellular 
spheroid)  were  assayed  for  endogenous  cell  death  via  apoptosis 
through  immuno-detection  of  activated  caspase  3  or  using  a 
modified  Live/Dead  assay  (Invitrogen).  Percent  death  was 
quantified  as  the  number  of  cells  stained  positive  for  activated 
caspase  3  or  scored  positive  for  death  divided  by  the  total 
number  of  cells,  as  described  [34,  61].  The  minimum  number 
of  cells  scored  was  200-300  per  experimental  condition. 
Cells  were  visualized  using  a  fluorescence  microscope  (Nikon 
Inverted  Eclipse  TE300  microscope). 

Immunofluorescence  analysis 

Cells  were  either  triton  extracted  (0.1%  Triton  X-100;  5  min) 
and  then  fixed  or  directly  fixed  using  paraformaldehyde  (4%; 
Electron  Microscopy  Sciences).  Specimens  were  thereafter 
incubated  with  primary  antibody,  followed  by  either  Alexa 
Eluor  488  or  568-conjugated  secondary  antibody.  Nuclei 
were  counterstained  with  DAPI  or  Hoechst  33342.  Cells  were 
visualized  using  a  Zeiss  Laser  Scanning  Confocal  microscope 
attached  to  a  Nikon  Diaphot  200  microscope.  Images  were 
recorded  at  600  x  magnification. 

Three-dimensional  culture  within  self -assembling  peptides 

To  assay  for  growth  within  a  3D  SAP  gel,  trypsinized  MECs 
(0.05%;  trypsin/EDTA;  Invitrogen)  were  washed  and  re¬ 
suspended  in  sterile  20%  sucrose  containing  either  laminin 
(100  /xg  ml“^;  Sigma  L2020)  or  rBM  (Matrigel;  2  mg  ml“^ 
protein;  Becton  Dickinson).  The  cell  suspension  (2x  final 
desired  cell  concentration)  was  then  combined  1 : 1  with  a  2  x 
solution  of  SAP  (from  1%  w/v  sonicated  peptide  stock)  to 
attain  a  final  cell  concentration  of  1  x  10^  cells  ml“^.  A 
cellular-ECM  mixture  of  200  pi  was  thereafter  aliquoted  into 
inserts  (PICM-0 12-50,  Millipore)  and  gelation  was  induced 
by  exposure  to  cell  culture  medium  (DMEM  P-12,  10%  PBS, 
pH  7.4;  Invitrogen).  After  1  h,  the  gelation  medium  was 
decanted  and  replaced  with  MEC  growth  medium.  Cultures 
were  typically  fed  every  other  day  and  maintained  for  18  days. 

Scanning  electron  microscopy 

Cell-free  collagen  and  SAP  gels  were  fixed  in  Jonson’s  reagent 
(24  h;  4C;  Electron  Microscopy  Sciences)  and  cut  into  4-5 
smaller  gels  prior  to  further  processing  and  staining  to  increase 
the  number  of  exposed  surfaces.  After  fixation  samples  were 
rinsed  (3x;  10  min;  RT;  0.1  M  sodium  cacodylate  buffer, 
pH  7.2;  Tousimis),  stained  with  1%  osmium  tetroxide  (1  h; 
RT),  and  rinsed  with  0.1  M  sodium  cacodylate  buffer  (3x; 
5  min;  RT).  Samples  were  then  subjected  to  ascending  alcohol 
dehydration,  followed  by  critical  point  drying  procedure  with 
an  AutoSamdri  815  CPD  critical  point  dryer  (Tousimis). 
Samples  were  then  transferred  onto  carbon-taped  SEM  stubs, 
sputter  coated  (Tousimis)  with  gold  palladium  and  imaged 
with  a  Hitachi  S-500  scanning  electron  microscope  operated 
at  30  kV  (resolution  3-5  nm). 


Rheometry 

Cell-free  SAPs,  and  collagen/rBM  gels  of  varying 
concentration  were  gelled  in  cylindrical  molds  (~7.5  mm 
ID),  attached  to  10%  PBS /PBS -wetted  parchment  paper, 
polymerized  under  physiological  conditions  (48  h;  37C), 
released  from  molds,  and  transferred  to  a  rheometer  with  an 
8  mm  plate  (AR  2000ex,  TA  Instruments)  [55].  The  shear 
modulus  (Go)  was  recorded  at  a  constant  frequency  of  1  rad 
s“^  for  all  samples;  TA  Instruments  software  accompanying 
the  rheometer  was  used  to  fit  all  data  and  extract  shear  moduli 
from  raw  data  (n  =  5  gels  for  all  conditions). 

Extracellular  matrix  fibril  quantification  and  data  analysis 

Projected  fiber  diameter  and  pore  size  were  measured  from 
the  SEM  images  (five  representative  60  000  x  images/each 
concentration  of  collagen  and  SAP)  using  Image!.  Projected 
pore  size  was  quantified  via  averaging  two  diagonals  of  every 
pore  with  clear  edges  on  the  SEM  images.  The  projected 
fiber  diameter  was  quantified  by  averaging  measurements  of 
at  least  100  fibers/SEM  image.  A  colony  area  was  traced  and 
analyzed  in  Image!  (n  =  50  acini/ condition). 

Statistical  analysis 

Statistical  significance  was  assessed  by  performing  1 /2-tailed 
student  r- tests.  P- values  of  less  than  0.05  were  considered  to 
be  significant  as  indicated  by  a  *  symbol  in  text  and  graphs, 
unless  otherwise  specified. 

Quantitative  PCR 

RNA  was  isolated  using  phenol-chloroform  extraction  and 
total  RNA  for  each  sample  was  reverse  transcribed  using 
random  primers  (Amersham  Biosciences).  1 8S  rRNA  primers 
run  in  parallel  were  used  as  controls.  Quantitative  PCR 
reactions  (10  pi)  were  conducted  using  a  LightCycler  (Roche 
Diagnostics)  with  a  LightCycler  Past  Start  DNA  Master  S  YBR 
Mix  (Roche)  and  a  1  pmol  primer  mixture. 

Results 

Increasing  collagen  concentration  and  rigidity  stimulate 
epithelial  growth  and  survival  and  compromise  tissue 
morphogenesis  and  integrity 

Primary  and  immortalized  MECs  have  been  used  to  study  the 
role  of  the  ECM  and  its  receptors  in  tissue  morphogenesis 
and  differentiation.  When  incorporated  into  a  3D  rBM 
(Matrigel)  human  and  murine  MECs  assemble  into  growth- 
arrested,  polarized  multi-cellular  structures  that  resemble 
terminal  ductal  lobular  units  of  the  in  vivo  mammary  gland 
[31,  39].  MECs  will  also  assemble  into  nonpolarized  3D 
organoids  when  grown  within  type  I  collagen  gels  and  can 
be  induced  to  polarize  if  either  purified  laminin  or  rBM 
(2  mg  ml“Q  is  added  [62]. 

The  viscoelasticity  of  collagen  I  gels  is  proportional  to 
their  concentration.  As  such  collagen  gels  provide  an  attractive 
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Figure  1.  Increasing  collagen  concentration  and  rigidity  stimulate  epithelial  growth  and  survival  and  compromise  tissue  morphogenesis  and 
integrity.  (A)  (Top)  phase  contrast  images  of  multi-cellular  MEC  colonies  embedded  within  type  1  collagen  gels  of  increasing  concentration 
(1. 2-3.2  mg  ml“^)  and  stiffness  (150-1400  Pa)  for  12  days.  Bar  equals  30  /xm.  (Bottom)  laser  confocal  immunofluorescence  images  of 
multi-cellular  MEC  colonies  as  above,  stained  for  pi  integrin  (red),  laminin  V  (green),  and  nuclei  (DAPI;  blue).  Bar  equals  40  /xm.  (B)  Bar 
graphs  showing  quantification  of  luminal  clearance  measured  in  colonies  shown  in  A.  (C)  Bar  graph  showing  average  colony  diameter  of 
colonies  shown  in  A.  *indicates  p  ^  0.001.  Values  shown  in  {B)  and  (C)  represent  mean  =b  SEM  of  multiple  measurements  from  at  least 
three  independent  experiments. 


system  with  which  to  study  the  effect  of  modulating  ECM 
stiffness  in  a  3D  context  on  tissue  behavior.  Accordingly, 
to  study  the  effect  of  modulating  ECM  rigidity  on  epithelial 
behavior  we  generated  type  I  collagen  gels  ranging  from 
1.2  to  3.2  mg  ml“^  incorporating  rBM  (Col/rBM  cultures; 
2  mg  ml“^)  as  a  polarity  cue.  We  showed  previously  that 
these  concentrations  of  collagen  achieve  gel  stiffness  that 
recapitulates  the  viscoelasticity  typically  found  in  a  normal, 
pre-malignant  and  early  invasive  tumorigenic  human  and 
mouse  breast  [8,  10,  63].  We  then  assayed  for  the  effect 
of  varying  ECM  stiffness  in  a  3D  context  on  the  growth 
and  survival  and  morphogenesis  of  the  nonmalignant  human 
MEC  line  MCE  10 A,  an  immortalized  human  MEC  line  that 
undergoes  multi-cellular  epithelial  morphogenesis  in  response 
to  compliant  3D  rBM  cues  [10]. 

Similar  to  what  we  and  others  observed  previously, 
although  the  nonmalignant  MECs  incorporated  into  highly 
compliant  Col/rBM  gel  (156  Pa  zb  42  Pa)  grew  rapidly  for 


the  first  6  days,  by  day  10  they  assembled  growth- arrested 
acini  as  indicated  by  colonies  with  persistent  diameters  of 
60.2  zb  5.4  /xm  (figure  1(A);  DIC  image;  figure  1(C)). 
After  10  days  of  culture  mammary  acini  in  the  compliant 
gels  (1.2  mg  ml“^)  also  showed  evidence  of  cleared  lumens 
(see  arrow  figure  1(A)  DIC,  top  and  immunofluorescence, 
bottom)  and  achieved  apical-basal  polarity  as  demonstrated 
by  basal  deposition  of  laminin  and  apical-basal  localization 
oi  p\  integrin  (flgure  1(A);  lower  left-hand  panel).  By 
contrast,  even  moderate  stiffening  (2.2  mg  ml“^)  of  the 
Col/rBM  (457  zb  67.3  Pa)  signiflcantly  increased  colony  size 
suggestive  of  elevated  cell  proliferation  (116.5  zb  24.2  /xm; 
flgure  1(A)  DIC  top  middle  panel,  flgure  1(C)).  Yet,  when  gel 
stiffness  approached  that  quantifled  in  the  stroma  surrounding 
a  pre-malignant  breast  epithelium  [10],  luminal  clearing 
was  compromised,  indicative  of  enhanced  cell  survival 
(flgure  1(5)).  Eurthermore,  a  collagen  stiffness  approaching 
800-1000  Pa,  similar  to  that  measured  in  the  ECM  surrounding 
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early  invasive  breast  lesions,  significantly  disrupted  apical- 
basal  polarity,  as  revealed  by  the  diffuse  localization  of 
laminin  V  and  relocalization  of  ^01  integrin  along  the  basal 
domain  of  the  colony  (figure  1,  bottom  middle  panel). 
Intriguingly,  not  only  did  MECs  embedded  within  Col/rBM 
gels  with  ECM  stiffness  approaching  that  measured  in  breast 
tumors  (1411  zb  350.3  Pa)  grew  quite  large  (161.3  zb 
21.1  /xm;  figure  1(C))  and  formed  highly  disorganized, 
nonpolar  colonies  that  lacked  lumens  (figure  1(A);  lower 
panel  right  and  figure  1(B))  but  these  colonies  also  showed 
a  propensity  to  form  membrane  protrusions  that  projected 
into  the  surrounding  ECM,  consistent  with  the  notion  that 
ECM  stiffness  promotes  a  tumor-like  phenotype.  Importantly 
however,  despite  these  provocative  findings,  none  of  the 
nonmalignant  MECs  from  the  mammary  colonies  assembled 
within  the  rigid  rBM/collagen  I  gels  invaded  into  the  gels 
(figure  1(A)  Die  top  right). 

Thus  far,  our  findings  were  consistent  with  the  notion 
that  ECM  stiffness  compromises  epithelial  morphogenesis 
and  tissue  integrity  and  induces  a  ‘tumor-like’  phenotype 
even  in  nontransformed  epithelial  cells.  Nevertheless,  we 
noted  that  the  interpretation  of  data  obtained  with  these 
gels  was  complicated  by  the  fact  that  collagen  ligand 
available  to  bind  to  cell  surface  receptors  including  integrins 
and  discoidin  receptors  also  significantly  increased  when 
the  gel  concentration  was  increased  to  stiffen  the  ECM. 
Moreover,  SEM  analysis  revealed  that  the  projected  pore 
size  and  fiber  thickness  also  changed  dramatically  as  the 
concentration  of  the  collagen  gel  was  progressively  increased 
(figure  2(A)).  Because  ligand  binding  and  pore  size  can 
significantly  modify  cell  invasion,  these  findings  indicate 
that  studies  aimed  at  assessing  the  interplay  between  ECM 
stiffness  and  cell  invasion  may  be  compromised  using 
this  approach.  Eurthermore,  matrix  topology  per  se  can 
significantly  modulate  cellular  phenotype  further  complicating 
the  interpretation  of  experiments  conducted  using  this  gel 
system  [46,  64-67].  Thus,  these  results  emphasize  that  it 
is  still  not  clear  if  ECM  stiffness  per  se  can  induce  invasion  of 
nontransformed  epithelial  tissues.  Indeed,  the  data  imply  that 
although  collagen  gels  offer  an  attractive  model  system  with 
which  to  rapidly  assess  the  effect  of  modulating  ECM  stiffness 
on  cellular  behavior  in  a  3D  context,  several  confounding 
variables  seriously  compromise  any  ability  to  rigorously 
isolate  and  interpret  the  effect  of  matrix  stiffness  per  se  on 
cellular  behavior  using  this  hydrogel  model. 

Self -assembling  peptides  (SAP):  flexible,  protein-absorbing, 
synthetic  matrix  that  mimics  collagen  architecture 

A  number  of  materials  are  readily  available  whose  elasticity 
can  be  dynamically  modulated  by  maintaining  ligand 
binding  constant.  Materials  such  as  hyaluronic  acid, 
poly(ethylene)  glycol,  and  polyglycolic  acid  can  be  modified 
to  provide  rigorously  controlled  biochemical  cues  [46,  68-74]. 
Unfortunately,  the  architecture  of  these  materials  is  strikingly 
different  from  that  of  natural  ECMs  such  as  type  I  collagen, 
thereby  compromising  their  utility  as  natural  ECM  substrates. 
By  contrast,  SAP  hydrogels  are  biocompatible  synthetic 


substrates  that  not  only  mimic  the  micro-architecture  of  natural 
collagen  gels  (figure  2(C))  but  lend  themselves  to  chemical 
modification.  SAPs  are  composed  of  16  repeating  amino 
acid  residues  (alternating  hydrophilic  and  hydrophobic  chains) 
that  self-assemble  to  form  nanofibers  under  physiological 
salt  conditions  due  to  hydrophobic  (between  alanines)  and 
ionic  bonding  (between  arginine  and  aspartic  acid  residues) 
between  the  amino  acids  [55].  Although  SAPs  can  be 
mechanically  tethered  with  ligand  [59,  75],  these  peptides 
are  also  protein  adsorbing  [76].  Thus,  although  they 
do  not  contain  integrin-binding  sites,  and  cannot  therefore 
mediate  ligand-dependent  ECM  receptor  signaling,  they  can 
be  readily  conjugated,  tethered  or  adsorbed  with  quantifiable 
concentrations  of  ligand  via  direct  peptide  conjugation  or 
through  ECM  protein  adsorption.  Moreover,  by  varying  the 
concentration  of  the  SAP,  the  stiffness  of  the  gel  can  be 
modulated  over  a  physiologically  appropriate  range  to  achieve 
a  viscoelasticity  similar  to  soft  tissues  such  as  a  healthy  breast 
on  the  one  hand  and  a  cancerous  breast  on  the  other  hand 
[8,  77-79]. 

To  explore  the  utility  of  SAPs  as  biocompatible 
materials  for  exploring  the  effect  of  ECM  stiffness  on 
epithelial  morphogenesis  and  homeostasis,  we  characterized 
the  physical  topology  and  mechanical  properties  of  one  of 
these  commercially  available  SAP  gels,  PuraMatrix,  over 
the  range  of  viscoelasticity  deemed  useful  for  the  study 
of  normal  and  transformed  epithelial  behavior.  We  found 
that  varying  SAP  concentration  from  1.2  to  3.2  mg  ml“^ 
generated  a  Young’s  modulus  that  ranged  from  120  to  1200  Pa, 
analogous  to  what  we  were  able  to  achieve  by  varying  collagen 
concentration  from  1.2  to  3.2  mg  ml“^  (figures  2(B)  and  (D)). 
Importantly,  SEM  analysis  revealed  that  unlike  collagen  I  gels, 
the  micro-architecture  of  SAP  gels  did  not  substantially  change 
within  this  stiffness  range  and  gel  concentration.  Indeed,  we  Q1 
noted  that  pore  size  only  varied  by  approximately  10%  and 
fibril  topology  remained  within  the  range  of  45-75  nm  even 
when  gel  contraction  was  varied  from  1.2  to  3.2  mg  ml“^ 
(figures  2(E)  and  (F)).  By  contrast  the  pore  size  of  the  collagen 
gels  varied  by  over  30%  and  fibril  topology  ranged  from  50 
to  170  /xm  when  collagen  concentration  was  modified  across 
this  same  range  (figures  2(E)  and  (E)).  Curiously,  although  we 
detected  no  statistically  significant  differences  in  the  overall 
fiber  organization  and  matrix  topology  as  a  function  of  SAPs 
gel  concentration  and  stiffness,  we  did  quantify  a  modest, 
but  consistent  increase  in  peptide  mass  per  volume  (data  not 
shown).  The  fact  that  the  observed  difference  was  only  a  10% 
increase  in  the  fraction  of  soluble  peptide  at  the  highest  gel 
concentration  indicates  that  the  elevated  gel  stiffness  likely 
refiects  a  subtle  increase  in  either  the  fiber  diameter,  length, 
or  absolute  number.  In  this  respect,  we  determined  that  the 
projected  pore  size  and  overall  fiber  mesh  did  not  change 
drastically,  suggesting  that  SAP  gel  stiffness  was  more  than 
likely  due  to  an  increase  in  fiber  diameter  and/or  enhanced 
fiber  density.  Indeed,  there  was  a  positive  but-insignificant 
trend  between  SAP  stiffness  and  decreased  projected  pore  size 
and  increased  fiber  thickness.  The  fact  that  we  could  not 
accurately  document  changes  in  these  variables  is  more  than 
likely  due  to  the  resolution  limitation  of  our  detection  method 
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Figure  2.  Self-assembling  peptides  (SAP):  flexible,  protein-absorbing,  synthetic  matrix  that  mimic  collagen  architecture.  (A)  SEM 
microscopy  images  of  collagen  gels  taken  at  high  (top)  and  low  (bottom)  magnification  illustrating  the  structural  changes  induced  in 
collagen  morphology,  topology  and  pore  size  when  collagen  concentration  is  increased.  Bar  equals  5  /xm.  (B)  Bar  graph  quantifying 
Young’s  modulus  of  collagen  gels  of  varying  concentration  as  measured  by  shear  rheology.  (C)  SEM  microscopy  images  of  SAP  gels  taken 
at  high  (top)  and  low  (bottom)  magnification  illustrating  minimal  structural  changes  in  gel  fiber  morphology,  topology  and  pore  size  when 
gel  concentration  is  increased.  Bar  equals  200  nm.  SEM  resolution  is  3-5  nm  (according  to  the  manufacturer).  {D)  Bar  graphs  quantifying 
SAP  gel  stiffness  as  a  function  of  gel  concentration  as  measured  by  shear  rheology.  {E)  Graphical  depiction  of  fiber  diameter  quantified  as  a 
function  of  collagen  (filled  boxes)  and  SAP  (open  boxes)  gel  concentration.  (F)  Graphical  depiction  of  pore  size  measured  as  projected  pore 
size  in  collagen  (filled  boxes)  and  SAP  (open  boxes)  gels  as  a  function  of  gel  concentration,  ^indicates  p  ^  0.001.  Values  shown  in  B  and 
{D)  and  (F)  represent  mean  =b  SEM  of  multiple  measurements  from  at  least  three  independent  experiments. 


which  is  unable  to  detect  such  subtle  nano- scale  differences 
in  fiber  diameter  and  pore  size  variability.  Consistently,  the 
stiffness  of  a  fibrous  material  can  be  largely  attributed  to 
the  sum  of  the  bending  moments  of  all  the  fibers.  Second 
moment  of  inertia  is  a  shape  property  that  can  be  used  to 
predict  deflections  and  stresses  in  the  beams/flbers,  which 
would  be  representative  of  its  bulk  stiffness.  Assuming  a 


circular  cross-section  of  the  flbers,  the  moment  of  inertia,  4, 
would  be  proportional  to  the  radius  raised  to  the  fourth  power 
(4  =  7rr^/4),  such  that  incredibly  small  changes  in  the  radius 
would  be  reflected  by  an  increased  capacity  to  dramatically 
alter  the  bendability  or  stiffness  of  the  material.  In  these  studies 
we  observed  an  approximate  six-fold  increase  in  gel  stiffness 
between  the  soft  and  the  stiff  SAP  gels  which  can  easily  be 
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accounted  for  by  a  mere  2  nm  change  in  fiber  thickness.  As 
such,  the  theoretical  differences  between  soft  and  stiff  SAP 
gels  are  well  beyond  the  3-5  nm  resolution  capacity  of  SEM 
imaging.  Moreover  and  importantly,  despite  the  fact  that  it  is 
obvious  that  SAP  morphology  must  vary  to  some  degree  as  a 
function  of  gel  concentration/stiffness,  the  magnitude  of  such 
a  modest  nanometer- scale  variation  would  exert  a  negligible 
effect  on  cellular  functions,  such  as  migration  and  invasion, 
because  cells  operate  on  a  length  scale  of  10-50  /xm.  Instead, 
variations  in  pore  and  fiber  diameter  within  tens  to  hundreds 
of  nanometers,  which  is  comparable  to  what  we  quantified 
for  collagen  gels  of  increasing  concentration/stiffness,  are 
likely  to  significantly  alter  cellular  invasion  and  migration. 
These  findings  suggest  that  SAP  gels  could  provide  a  viable 
alternative  ECM  for  studying  the  effect  of  ECM  rigidity  on 
epithelial  invasive  phenotype  in  a  3D  context. 

SAP  gels  support  epithelial  morphogenesis  and  direct 
apical-basal  tissue  polarity 

To  explore  the  utility  of  SAP  gels  as  a  tractable  matrix  system 
for  studying  the  interplay  between  ECM  stiffness  and  epithelial 
cell  behavior  in  3D,  we  grew  MECs  within  un-conjugated, 
compliant,  SAP  gels  in  the  absence  of  adsorbed  ECM  protein. 
We  noted  that  MECs  embedded  within  SAP  gels  survived  and 
grew  to  assemble  epithelial  colonies.  However,  colony  size 
was  non-uniform  and  immuno-fiuorescence  analysis  revealed 
that  the  colonies  lacked  polarity  (data  not  shown).  We 
therefore  supplemented  the  SAP  gels  with  laminin  (100  /xg 
ml“^)  or  rBM  (2  mg  ml“^;  10%)  and  assayed  for  effects 
on  MEC  growth,  survival  and  multi-cellular  morphogenesis. 
Analogous  to  MECs  embedded  within  rBM  or  a  mixture  of 
collagen  I  and  rBM,  MECs  embedded  within  the  laminin- 
or  rBM-supplemented  SAP  gels  proliferated  rapidly  for  the 
first  5-6  days  after  which  they  growth-arrested,  as  revealed 
by  loss  of  Ki-67  immuno- staining  and  the  maintenance  of  a 
stable  colony  diameter,  and  initiated  tissue  morphogenesis, 
as  indicated  by  elevated  numbers  of  cells  in  the  center  of  the 
colonies  positive  for  activated  caspase  3  (figures  4(C)  and 
iP)).  Consistently,  MEC  colonies  generated  in  the  laminin- 
supplemented  SAP  gels  assembled  acini  with  cleared  lumens 
that  had  similar  diameters  to  those  generated  in  rBM  and 
collagen  I/rBM  gels  (figures  3(A)  and  (C),  quantified  in  3B). 
Moreover,  acini  generated  in  the  laminin- supplemented  SAP 
gels  achieved  apical-basal  polarity,  as  revealed  by  basally 
localized  integrin  (figure  3(D),  left  panel,  see  arrow), 
basal-lateral  pi  integrin,  and  cell-cell  localized  )0-catenin 
(figure  3(D),  middle  and  right  panels,  see  arrows).  These 
phenotypes  are  analogous  to  those  observed  in  rBM  or  in 
1.2  mg  ml“^  collagen  I  gels  supplemented  with  laminin  or 
rBM  (figure  1(A)).  Moreover,  and  importantly,  similar  to 
what  we  and  others  have  routinely  observed  using  rBM  gels, 
SAP  gels  were  able  to  support  stable  acini  development  as 
revealed  by  uniform  colony  differentiation  and  repression 
of  genes  that  compromise  acini  stability  and  differentiation, 
such  as  fibronectin  (figure  3(D),  right  panel;  figures  4(D)  and 
(F)).  These  findings  indicate  that  compliant  SAP  gels,  when 
supplemented  with  the  appropriate  biochemical  ECM  cues. 


can  support  normal  MEC  growth  and  viability  and  direct  multi¬ 
cellular  tissue  morphogenesis. 

Modulating  SAP  stiffness  perturbs  epithelial  morphogenesis, 
disrupts  apical-basal  tissue  polarity,  and  induces  pro-tumor 
gene  expression 

We  next  asked  whether  increasing  SAPs  gel  stiffness  could 
perturb  MEC  morphogenesis  and  tissue  integrity  to  induce  a 
tumor-like  phenotype.  MECs  were  embedded  within  1.2- 
3.2  mg  ml“^  SAP  gels  at  concentrations  that  generated 
mechanical  properties  (Young’s  modulus)  that  recapitulated 
what  we  previously  measured  for  normal  and  early  stage  breast 
tumor  tissue,  respectively  [10]  (figure  2(D)).  Similar  to  MECs 
within  rBM  gels,  MEC  colonies  embedded  within  highly 
compliant  laminin- supplemented  SAPs  assembled  growth- 
arrested  acini  that  showed  negligible  Ki-67  staining  by  day  10 
of  culture  (figures  4(C)  and  (D)).  Mammary  acini  within  soft 
SAPs  also  consistently  cleared  their  lumens,  likely  through 
induction  of  apoptosis  in  the  cells  lacking  contact  with  the 
protein-adsorbed  SAP  gels,  as  revealed  by  elevated  number 
of  cells  within  the  day  10-12  colony  lumens  with  activated 
caspase  3  staining  (figure  4(D)).  By  contrast,  MEC  colonies 
embedded  within  rigid  SAP  gels  continued  to  proliferate,  as 
revealed  by  elevated  Ki-67  staining  throughout  the  colony 
(figure  4(D)),  showed  negligible  death  of  the  cells  within  the 
center  of  the  colony,  as  revealed  by  reduced  activated  caspase 
3  positive  cells  in  the  center  of  the  colonies  (figure  4(C)), 
and  consequently  failed  to  clear  their  lumens  (figures  4(A) 
and  (D)).  The  colonies  assembled  within  the  rigid  SAPs  also 
lacked  apical-basal  polarity,  as  revealed  by  highly  diffuse  P- 
catenin  and  pi  integrin  (figure  4(D)).  Intriguingly,  we  noted 
that  the  MECs  embedded  within  the  stiff  SAPs  matrix  also 
showed  severely  compromised  colony  integrity,  as  revealed 
by  gross  disorganization  of  the  colony  and  individual  MECs 
disseminating  away  from  the  colony  and  invading  into  the 
surrounding  matrix  (figure  4(D)).  These  findings  imply  that 
matrix  stiffness  ‘per  se’  may  in  fact  promote  cell  invasion 
given  the  appropriate  matrix  context  and  cell  state.  In 
this  regard,  by  way  of  a  plausible  mechanism,  we  noted 
that  SAP  stiffness  induced  the  expression  of  two  genes 
implicated  in  tumor  progression  and  invasion,  fibronectin  1  and 
EGER  (figure  4(D)),  and  additionally  enhanced  fibronectin  1 
deposition  by  the  MECs  embedded  within  the  gel  (figures  4(D) 
and  (D)). 

Discussion 

We  exploited  the  unique  properties  of  one  SAP  gel 
(PuraMatrix)  to  study  the  interplay  between  ECM  stiffness  and 
multi-cellular  epithelial  morphogenesis  and  transformation. 
SAP  gels  provide  a  versatile  model  system  with  tunable 
mechanical  properties  and  a  native-like  ECM  fibril 
morphology.  We  were  able  to  show  that  3D  laminin-  or 
rBM-  adsorbed  compliant  SAP  gels  are  able  to  recapitulate 
MEC  morphogenesis  and  that  a  stiff  SAPs  gel  disrupts 
tissue  architecture,  compromises  tissue  polarity  and  induces 
fibronectin  and  EGER  expression  to  promote  an  invasive. 
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Figure  3.  SAP  gels  support  epithelial  morphogenesis  and  direct  apical-basal  tissue  polarity.  (A)  (Top)  phase  contrast  images  of 
representative  multi-cellular  MEC  acini  following  growth  within  reconstituted  basement  membrane  (rBM,  Matrigel),  type  I  collagen  gels 
mixed  with  10%  rBM,  or  SAPs  containing  100  /xg  ml“^  laminin  for  20  days.  (Bottom)  laser  confocal  immunofluorescence  images  of 
cryosections  (10  /xm)  of  multi-cellular  MEC  colonies  stained  with  DAPI  to  reveal  nuclei  (blue)  showing  presence  of  cleared  lumens  in  acini 
generated  in  all  gel  conditions  as  described  above.  Bar  equals  25  /xm.  (B)  Line  graphs  showing  growth  curves  for  mammary  colonies  grown 
within  rBM  (green  diamond),  type  1  collagen  gels  mixed  with  10%  rBM  (orange  box)  and  SAPs  supplemented  either  with  laminin  (red 
circle)  or  rBM  (blue  triangle).  (C)  Bar  graphs  showing  quantiflcation  of  cleared  lumens  in  mammary  acini  grown  in  rBM,  type  1  collagen 
gels  mixed  with  10%  rBM  and  SAPs  supplemented  either  with  laminin  or  rBM  (differences  in  the  diameters  were  not  statistically 
signiflcant).  (D)  Laser  confocal  immunofluorescence  images  of  cryosections  (10  /xm)  of  multi-cellular  acini  generated  in  SAPs 
supplemented  with  laminin  stained  with  (left  image)  yS4  integrin  (green),  (middle  image)  yS-catenin  (green)  and  integrin  (red)  and  (right 
image)  flbronectin  (green)  and  integrin.  All  colonies  were  counter  stained  with  DAPI  (blue)  to  reveal  nuclei.  Bar  equals  30  /xm.  Values 
shown  in  (B)  and  (C)  represent  mean  d=  SEM  of  multiple  measurements  from  at  least  three  independent  experiments. 


tumor-like  phenotype  without  substantially  altering  ECM 
topology,  pore  size  and  ligand  density.  Thus,  we  maintain 
that  this  matrix  is  a  defined  and  tractable  system  that  could 
be  used  to  definitively  study  the  effect  of  ECM  tension 
on  multi-cellular  epithelial  cell  behavior  in  a  3D  tissue-like 


context.  The  availability  of  such  a  versatile  system 
could  have  profound  clinical  implications  by  permitting  the 
execution  of  experiments  aimed  at  clarifying  the  biophysically 
driven  changes  in  tissue  phenotype  and  molecular  signature 
associated  with  tumor  progression.  One  could  imagine  using 
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Stiff  SAP  Induce  Upregulation  of 
Tumor-Associated  Genes 


Figure  4.  Modulating  SAP  stiffness  perturbs  epithelial  morphogenesis,  disrupts  apical-basal  tissue  polarity,  and  alters  gene  expression. 

(A)  (Left)  phase  contrast  images  of  representative  multi-cellular  MEC  acini  following  growth  within  rigid  SAPs  containing  100  /xg  ml“^ 
laminin  for  20  days.  (Right)  laser  confocal  immunofluorescence  image  of  a  cryosection  (10  /xm)  of  a  multi-cellular  MEC  colony,  generated 
as  described  above,  stained  with  DAPI  to  reveal  nuclei  (blue)  showing  absence  of  cleared  lumen  in  colony  generated  in  a  rigid  SAP  Note  the 
arrow  pointing  to  the  cells  migrating  into  the  stiff  SAP  gel  suggestive  of  invasive  behavior.  Bar  equals  25  /xm.  (B)  Bar  graphs  showing 
quantifleation  of  cleared  lumens  in  mammary  acini  grown  in  rBM  as  compared  to  MEC  colonies  assembled  in  the  soft  and  stiff  SAPs 
supplemented  with  laminin.  Note  the  high  percent  of  luminal  clearance  quantifled  in  the  acini  assembled  in  either  the  rBM  gels  or  the 
compliant  SAP  gels  and  a  signifleant  reduction  of  cleared  lumens  quantifled  in  the  colonies  generated  in  the  stiff  SAP  gels.  (C)  Bar  graphs 
quantifying  the  number  of  caspase  three  positive  lumens  in  colonies  generated  in  rBM  gels  versus  those  assembled  within  compliant  versus 
stiff  SAP  gels  supplemented  with  laminin.  Data  indicate  that  SAP  stiffness  represses  apoptosis  in  MECs.  (D)  Bar  graphs  quantifying  the 
number  of  Ki67  positive  colonies  detected  in  rBM  gels  versus  those  assembled  within  compliant  versus  stiff  SAP  gels  supplemented  with 
laminin.  Data  show  that  SAP  stiffness  promotes  MEC  proliferation.  (E)  Laser  confocal  immunofluorescence  showing  representative  image 
of  cryosections  (10  /xm)  of  a  multi-cellular  MEC  colony  generated  in  a  stiff  SAP  supplemented  with  laminin  that  was  stained  with  (left) 

Q2  flbronectin  (green)  and  (right)  yS-catenin  (green)  and  ySl  integrin  (red)  and  counter  stained  with  DAPI  (blue)  to  reveal  nuclei.  Bar  equals 

30  /xm.  {F)  Bar  graphs  showing  the  relative  expression  (by  quantitative  PCR)  of  flbronectin  1  and  EGER  in  acini  isolated  from  soft  and  stiff 
laminin- supplemented  SAP  gels.  Values  shown  in  {B)  and  (D)  and  {F)  represent  mean  d=  SEM  of  multiple  measurements  from  at  least  three 
independent  experiments. 
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this  system  for  high  throughput  drug  screening  to  identify 
novel  therapeutics  that  would  provide  improved,  personalized 
cancer  therapeutics  designed  to  not  only  target  tumor  cells  but 
also  to  treat  their  phenotypic  response  to  modifications  in  their 
surrounding  ECM. 

Unlike  natural  gels  which  exhibit  striking  changes  in 
architecture,  decreased  pore  size  and  altered  ligand  density 
as  matrix  stiffness  is  increased,  SAP  gels  offer  a  tractable 
system  with  which  to  vary  ECM  stiffness  over  a  dynamic 
range  without  significantly  affecting  any  of  these  variables. 
In  this  regard,  while  other  synthetic  systems,  including  HA 
gels  and  PEG  gels,  have  been  adapted  to  study  the  effect 
of  ECM  rigidity  on  cell  and  tissue  behavior  these  substrates 
fail  to  recapitulate  the  topology  of  natural  matrices,  cannot 
be  remodeled  without  conjugation  of  collagenase  digestible 
peptides,  and  often  limit  invasion  due  to  minute  pore  size 
features  (unpublished  findings).  Two  major  approaches 
for  engineering  in  vitro  systems  with  tunable  mechanical 
properties  have  been  the  conjugation  of  cell-compatible 
adhesion  peptides  into  synthetic  matrices  [48,  80-82]  or 
the  application  of  biophysically  modified  natural  matrices 
(e.g.  varying  collagen  gel  concentration  and/or  cross-linking). 
Synthetic  matrices  allow  for  a  robust  control  of  ligand  density 
as  a  function  of  stiffness;  however,  they  typically  fail  to 
recapitulate  the  appropriate  topological  cues  programmed  in 
the  networks  of  natural  materials.  On  the  other  hand,  natural 
materials  not  only  offer  physiologically  relevant  architectures, 
but  also  introduce  an  array  of  confounding  biophysical  cues 
when  concentration  is  varied  or  cross-linking  status  is  changed 
(as  means  to  vary  stiffness).  This  includes  profound  effects 
on  ligand  density,  fiber  diameter,  pore  size  and  overall 
micro-architecture.  These  complicating  variables  are  not 
insignificant  in  that  cells  are  able  to  sense  and  respond  to  matrix 
topology  and  presentation  [83-87].  Eor  instance,  tumors  show 
elevated  contractility  and  enhanced  crosstalk  with  stromal 
fibroblasts  in  response  to  changes  in  matrix  topology  and  this 
perturbed  dialogue  promotes  tension-dependent  remodeling 
and  linearization  of  collagen  fibers  that  promote  an  invasive 
tumor  matrix  that  can  foster  metastasis  [88,  89].  Thus,  due 
to  a  myriad  of  limitations  endemic  to  current  in  vitro  systems, 
the  issue  as  to  whether  or  not  ECM  compliance  per  se  can 
modulate  tissue  morphology  and  transformation  (as  well  as 
the  identification  of  molecular  mechanisms  that  drive  these 
phenomena)  remains  unresolved.  In  this  regard,  the  SAP 
system  described  here  has  a  multitude  of  positive  features 
that  might  overcome  many  of  these  limitations,  and  while 
mechanical  fragility  remains  one  challenge  when  manipulating 
these  gels,  their  net  benefit  at  present  far  outweighs  this  minor 
experimental  difficulty. 

Prior  studies  using  3D  collagen  gels  with  increasing 
concentration  and/or  elevated  collagen  cross-links  (and  hence 
stiffness)  indicate  that  ECM  stiffness  perturbs  multi-cellular 
epithelial  morphogenesis  but  fails  to  induce  invasion  unless 
combined  with  elevated  growth  factor  or  oncogenic  signaling 
[3,  10].  Such  findings  imply  that  ECM  stiffness  collaborates 
with  oncogenes  to  drive  tumor  progression  and  argue  that 
stiffness  is  a  tumor  promoter  rather  than  initiator.  We 
noted  that  elevating  SAP  stiffness  was  sufficient  to  drive 


epithelial  invasion  suggesting  stiffness  alone  could  promote 
cell  invasion.  One  plausible  explanation  for  why  prior 
studies  failed  to  demonstrate  invasion  causality  through 
ECM  stiffness  is  that  stiffened  collagen  gels  (mediated 
through  elevated  protein  concentration  or  cross-linking) 
simultaneously  decrease  pore  size  and  limit  growth  factor 
diffusion,  thereby  complicating  data  interpretation  because 
these  variables  would  themselves  impede  and  delay  migration. 
Indeed,  prior  studies  suggest  that  stiffer  collagen  or  fibrin 
gels  can  in  fact  reduce  the  rate  of  cell  migration  and  that 
migration  within  such  gels  relies  critically  on  MMP-dependent 
matrix  remodeling  to  permit  tumor  cell  invasion  [90-92] .  Yet, 
ECM  stiffness  promotes  invadopodia  [92-94]  and  modulates 
integrin  adhesion  dynamics  [23,  64,  95,  96].  Eurthermore, 
ECM  rigidity  enhances  cell  contractility  to  enhance  cell 
motility  and  promotes  invasion  through  ECM  reorganization 
and  alignment,  suggesting  ECM  stiffness  should  promote  and 
not  impede  invasion.  These  findings  indicate  that  ECM 
stiffness  could  be  both  a  tumor  promoter  and  initiator,  a 
possibility  that  now  needs  to  be  rigorously  addressed.  In  this 
regard,  SAP  gels  could  prove  instrumental  in  addressing  this 
intriguing  possibility. 

In  conclusion,  tumor  progression  is  associated  with  loss 
of  tissue  organization  and  disassembly  of  multi-cellular  tissue 
structures.  We  observed  that  compliant  laminin- supplemented 
SAP  gels  are  able  to  support  MEC  acini  morphogenesis  and 
that  a  stiff  SAPs  gel  perturbs  tissue  polarity,  destabilizes 
cell-cell  adhesions  and  increases  the  expression  of  tumor 
promoting  genes  including  fibronectin  and  the  EGE  receptor. 
These  findings  are  consistent  with  the  notion  that  ECM 
rigidity  per  se,  in  conjunction  with  appropriate  architecture, 
could  promote  tumor  progression  through  destabilization  of 
tissue  architecture,  a  findings  that  we  now  stand  prepared  to 
investigate  using  the  SAP  system  of  epithelial  morphogenesis. 
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ABSTRACT 


Death  resistance  in  tumors  contributes  to  therapeutic  failure.  We  identified  nuclear  receptor 
co-repressor  2  (N-CoR2)  modulation  of  IRF-1 -dependent  gene  transcription  as  a  mechanism 
whereby  breast  tissues  resist  chemotherapy,  immune  receptor  and  radiation-induced  death. 
Multi-variant  analysis  showed  that  high  N-CoR2  correlates  with  percent  relapse-free  and 
overall  reduced  breast  cancer  patient  survival.  Moreover,  an  N-CoR2-associated  gene 
signature  identified  primary  breast  tumors  predisposed  to  chemotherapy  resistance  and  poor 
therapeutic  outcome.  Consistently,  molecular  studies  in  vitro  and  in  vivo  demonstrated  that 
the  N-CoR2/HDAC3  complex  confers  death  resistance  in  breast  tissues  by  restricting  the 
CBP-IRF-1 -dependent  transcription  of  a  network  of  pro-apoptotic  genes.  Thus,  by  exploiting 
a  three-dimensional  tissue-based  assay  we  identified  a  novel  transcriptional  reprogramming 
mechanism  up-regulated  in  aggressive,  recurrent  breast  tumors  that  induces  pleiotropic 
treatment  resistance  and  associates  with  patient  mortality. 
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INTRODUCTION 


The  development  of  drug  resistanee  by  tumor  eells  signifieantly  limits  the  effieaey  of 
anti-neoplastie  treatment  and  is  the  major  eause  of  patient  mortality \  Despite  signifieant 
advanees  in  understanding  how  apoptosis  is  exeeuted  at  the  eellular  level^  and  elarifying  the 
moleeular  basis  of  eell  death  resistanee  in  vitro^  we  still  know  relatively  little  about  the 
pathogenesis  of  treatment  resistanee  in  eaneerous  tissues  in  vivd^'^ . 

Therapeutie  failure  of  human  eaneers  eould  arise  from  environmental  pressures  that 
favor  the  growth  and  survival  of  a  genetieally-modified  tumor  eell  population^’^.  Treatment 
resistanee  might  also  derive  from  the  inherent  survival  advantages  intrinsie  to  pre-existing 
“stem-like”  or  “pluripotent”  eells  within  the  tumor^’^’^^.  Furthermore,  treatment  response 
varies  between  eaneer  eells  loeated  within  the  primary  tumor  tissue  versus  those  at  different 
metastatie  sites,  indieating  tissue  eontext  and  the  tissue  stroma  also  influenee  the  treatment 
response  of  a  tumor^’^^’^^’^^"^^.  In  this  regard,  the  extraeellular  stroma  modulates  tissue 
arehiteeture,  and  tissue  polarity  and  dimensionality  signifieantly  modulate  the  survival  and 
apoptosis  responsiveness  of  three-dimensional  (3D)  spheroids  in  eulture  and  xenografted 
tumors  in  vivo^^.  How  tissue  arehiteeture  modulates  eell  survival  and  treatment  resistanee  and 
the  elinieal  relevanee  of  these  findings  remains  unelear. 

Cells  within  3D  spheroids  are  more  resistant  to  apoptotie  stimuli  than  eells  grown  as  a 
two  dimensional  (2D)  monolayer^^’^^.  Multi-eellular  "spheroid"  resistanee  has  been  attributed 
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to  reduced  drug  penetration,  altered  cell  proliferation  and  tissue  hypoxia^^’^^.  Yet,  mammary 


epithelial  cells  (MECs)  incorporated  into  3D  polarized,  normoxic  spheroids  exhibit 
significant  apoptosis  resistance  to  diverse  exogenous  death  stimuli,  regardless  of  proliferation 
status  and  despite  excellent  drug  penetration^’ This  finding  suggests  additional  factors 
associated  with  tissue  architecture  influence  cell  survival. 

Tissue  development  is  associated  with  epigenetic  modulation  of  gene  expression^^. 
Morphogenesis  of  MECs  in  3D  reconstituted  basement  membrane  (rBM)  is  likewise 
associated  with  striking  changes  in  nuclear  architecture  and  chromatin  structure  and  altered 
patterns  of  histone  acetylation  and  DNA  methylation^^’^\  Consistent  with  the  notion  that 
epithelial  morphogenesis  is  linked  to  epigenetic  reprogramming,  spheroid  (acini) 
morphogenesis  correlates  with  global  modulation  of  gene  expression^^’^^,  and  treatment  of 
acini  with  HDAC  or  methylation  inhibitors  disrupts  MEC  differentiation,  modifies  gene 
expression  and  perturbs  tissue  architecture^^’^'^.  These  findings  suggest  functional  links  exist 
between  tissue  organization,  epigenetic  reprogramming  and  cell  survival.  Consistently, 
HDAC  inhibitors  can  induce  apoptosis  in  multidrug-resistant  (MDR)  tumor  cells  and  HDAC 
inhibitors  can  sensitize  cancer  cells  to  chemotherapeutic  agents  and  ionizing  radiation 
As  a  consequence,  HDAC  inhibitors  have  been  developed  to  treat  cancers  and  are 
being  tested  in  clinical  trials  as  potential  anti-tumor  agents^^"^^.  Here  we  asked  whether  the 
apoptosis  resistance  phenotype  exhibited  by  breast  spheroids  could  be  attributed  to  epigenetic 
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reprogramming  of  gene  expression,  and  how.  We  reasoned  that  treatment  resistant  tumors 
might  exploit  a  similar  meehanism  to  evade  treatment  so  that  identifying  the  moleeular 
meehanism  underlying  this  phenotype  would  provide  novel  insight  towards  solving  the 
intraetable  elinieal  problem  of  treatment  resistanee  in  tumor  tissues. 
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RESULTS 


Treatment  resistance  in  multi-cellular  spheroids  is  linked  to  chromatin  remodeling 

We  observed  that  nonmalignant  S-1  HMT-3522  (S-1)  MECs  within  rBM  (3D)  assemble  acini 
with  marked  chromatin  hypoacetylation  indicated  by  reduced  acetylated  H3  and  H4  and 
hypermethylation,  as  shown  by  high  trimethyl  (Me3)-H3K27  and  ]V[e3-H3K9  (Fig  la). 
Chromatin  remodeling  was  accompanied  by  increased  levels  of  the  methylation  regulatory 
protein  methyl-CpG-binding  protein  2  (]V[eCP2)  and  heterochromatin  protein  1  (HPl;  Fig  la) 
and  a  global  modulation  of  gene  expression  (not  shown).  The  acini  also  displayed  a 
dose-dependent  apoptosis  resistance  to  the  death  receptor  ligand  TNF-related  apoptosis 
inducing  ligand  (TRAIL),  the  chemotherapeutic  agent  paclitaxel  and  to  IR  exposure  when 
compared  to  rBM-ligated  MECs  grown  in  2D  (Fig  lb)’*’.  Critically,  the  acini  were 
significantly  sensitized  to  all  death  stimuli  following  pre-treatment  with  the  HD  AC  inhibitor 
trichostatin  A  (100  nM;  12  hrs;  TSA)  (Fig.  lb)  or  the  DNA  methyltransferase  inhibitor 
5-Aza-2’-deoxycytidine  (Supplementary  Fig,  la).  These  observations  suggest  that  tissue 
morphogenesis,  gene  transcription  and  death  resistance  are  coordinately  regulated  through  an 
epigenetic  mechanism. 

N-CoR2  mediates  treatment  resistance  in  mammary  acini 

To  identify  candidate  epigenetic  regulators  linked  to  tissue  morphogenesis  we  interrogated 


6 


expression  arrays  for  genes  differentially-expressed  between  rBM-ligated  MECs  plated  as  2D 


versus  MECs  within  aeini  (3D;  not  shown).  We  foeused  on  genes  eneoding  nuelear  proteins 
implieated  in  epigeneties.  Nuelear  reeeptor  eo-repressor  2  (N-CoR2;  NCOR2)  was  identified 
as  a  gene  signifieantly  and  eonsistently  up-regulated  at  the  mRNA  and  protein  level  in  the 
S-ls  in  3D  as  eompared  to  2D  (Fig.  lc,d). 

N-CoR2  and  its  paralog  N-CoR  are  transeriptional  eo-repressors  that  mediate 
transeriptional  repression  through  speeifie  histone  hypoaeetylation^^’^^  by  reeruiting  nuelear 
eofaetors  and  aetivating  HDACs^^’^"^.  We  observed  that  a  eomponent  of  the  N-CoR2  protein 
eomplex,  G  protein  pathway  suppressor  2  {GPS2),  was  also  up-regulated  in  the 
death-resistant  aeini,  whereas  HDACl,  another  eellular  deaeetylase  effeetor  that  binds  to 
N-CoR2,  and  N-CoRl  (NCORl),  a  paralog  of  N-CoR2,  were 

To  explore  the  functional  significance  of  N-CoR2  we  stably  knocked  down  endogenous 
N-CoR2  using  retrovirus-based  RNA  interference  and  assayed  for  effects  on  treatment 
response  (Fig.  le).  Stable  knoekdown  of  N-CoR2  did  not  modify  growth  or  aeinar 
morphogenesis  nor  did  it  eompromise  survival  whether  the  S-ls  were  grown  in  2D  or  3D 
(Fig.  le;  Supplementary  Fig,  lb).  However,  loss  of  N-CoR2  substantially  inereased  the 
death  responsiveness  of  aeini  to  TRAIL-,  paelitaxel-,  doxorubiein-  and  IR-indueed  death,  so 
that  apoptosis  levels  were  equivalent  to  that  exhibited  by  either  S-ls  grown  in  2D  or  3D  aeini 
that  had  been  treated  with  TSA  (Fig.  If).  These  results  suggest  that  N-CoR2  eontributes  to  the 
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death  resistance  phenotype  of  mammary  acini. 


N-CoR2  promotes  treatment  resistance  in  breast  tumors 

Because  tumors  often  exploit  developmental  pathways  to  survive,  and  N-CoR2  regulates  T 
cell  development^^,  we  surveyed  a  cohort  of  38  breast  cancer  specimens  for  N-CoR2  status. 
We  found  that  greater  than  50  percent  of  breast  tumor  tissues  (72.5%)  expressed  high 
N-CoR2  (>  2+)  and  that  a  large  proportion  showed  robust  nuclear  staining  (Fig  2a). 
Multivariate  analysis  demonstrated  that  N-CoR2  expression  associates  significantly  with  the 
likelihood  of  breast  cancer  disease  relapse  and  mortality,  independent  of  standard 
clinico-pathological  variables  (CPV)  and  molecular  subtype  (see  Supplementary  Table  1 
and  Fig.  2b  online).  Moreover,  in  a  large  cohort  of  295  breast  cancer  patients^^,  those  tumors 
that  expressed  higher  levels  of  N-CoR2  had  a  significantly  greater  probability  of 
post-therapeutic  disease  relapse  and  mortality  (see  Supplementary  Fig.  2a  online).  We  noted 
that  N-CoR2  expression  significantly  associated  with  clinical  outcome  in  patients  who  had 
received  adjuvant  chemotherapy  (CT;  Fig.  2b)  implying  N-CoR2  contributes  to  poor 
prognosis  by  attenuating  the  sensitivity  of  breast  tumors  to  CT-induced  regression. 

To  clarify  links  between  N-CoR2  and  tumor  treatment,  we  retro-virally  elevated 
N-CoR2  in  two  malignant,  triple-negative  breast  tumor  cell  lines,  HMT-3522  T4-2  (an  early 
transformed  progeny  of  S-1  cells^^  and  MDA-MB-231  MECs  (metastatic  breast  cancer  cells). 


using  a  full-length,  GFP-tagged  N-CoR2  (Fig.  2c;  top).  Nuclear  expression  of  GFP  N-CoR2 


(Fig.  2c;  bottom)  had  minimal  effects  on  cell  proliferation  and  tissue  architecture  (data  not 
shown)  and  rendered  the  tumor  cells  highly  resistant  to  apoptosis  following  stimulation  with 
TRAIL  and  paclitaxel  (Fig.  2d).  N-CoR2  also  enhanced  clonogenic  survival,  as  illustrated  by 
the  rapid  colony  re-growth  in  rBM  observed  following  acute  exposure  of  breast  cancer  cells 
to  IR  (Fig.  2f).  Both  breast  cancer  cell  lines  expressing  high  N-CoR2  showed  significantly 
enhanced  death  resistance  whether  they  were  plated  in  2D  or  within  3D  rBM  as  single  cells  or 
multi-cellular  spheroid  structures  indicating  N-CoR2  mediates  death  resistance  through  an 
intrinsic  mechanism  (Fig.  2d,e). 

To  explore  the  in  vivo  relevance  of  N-CoR2,  MDA-MB-231  MFCs  retro-virally 
expressing  a  firefly  luciferase  together  with  empty  vector  or  N-CoR2  were  ortho-topically 
implanted  into  the  mammary  fat  pads  of  immuno-deficient  NOD-SCID  mice.  The  injected 
mice  were  then  assayed  over  a  6  week  time  frame  for  tumor  growth  using  bioluminescence 
imaging  (BLI)  and  cellular  proliferation  (Ki67)  and  viability  (activated  caspase  3)  were 
monitored  using  immunohistochemistry  in  excised  tissues.  N-CoR2-expressing  tumor  cells 
showed  similar  proliferation  rates  to  those  formed  by  vector  controls  cells  and  formed  lesions 
of  a  similar  size  5-6  weeks  after  tumor  cell  implantation  (Fig.  2i  and  see  Supplementary  Fig. 
2c  online).  To  determine  whether  N-CoR2  could  modify  the  treatment  responsiveness  of 
these  breast  lesions,  two  weeks  following  tumor  cell  transplantation  (when  tumor  size  was 
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similar),  weekly  administration  of  a  clinically  relevant  dose  of  paclitaxel  (20  mg/kg)  was 


initiated,  and  tumor  growth  was  monitored  using  BLI.  Paclitaxel  treatment  of  the  control 
tumors  resulted  in  a  50%  reduction  of  tumor  bulk  whereas  the  MDA-MB-23  l-N-CoR2  tumor 
xenografts  remained  refractory  to  the  paclitaxel  treatment.  Thus,  4  weeks  after  treatment  the 
N-CoR2  tumors  were  approximately  double  the  size  of  the  paclitaxel  treated  vector  control 
tumors  (Fig.  2i),  and  dissected  tumors  showed  significantly  reduced  numbers  of  caspase 
positive  cells  (Fig.  2h  and  see  Supplementary  Fig.  2c  online).  Furthermore,  compared  with 
mice  harboring  vector  control  tumors,  animals  with  N-CoR2-expressing  tumors  exhibited 
significantly  reduced  survival  (P  <  0.001)  so  that  none  of  these  animals  survived  3  months 
beyond  paclitaxel  treatment  (Fig.  2j).  These  findings  identify  N-CoR2  as  an  intrinsic  and 
clinically  relevant  breast  tumor  treatment  modifier  in  culture  and  in  vivo. 

N-CoR2  collaborates  with  HDAC3  to  mediate  treatment  resistance  in  tumor  cells 

We  next  asked  whether  N-CoR2  regulated  death  responsiveness  in  breast  cancer  cells  by 
modulating  HD  AC-driven  chromatin  remodeling.  In  line  with  this  possibility,  treatment  with 
either  the  HD  AC  inhibitor  suberoylanilide  hydroxamic  acid  (SAHA)  or  TSA  significantly 
increased  the  sensitivity  of  N-CoR2  expressing  tumor  spheroids  to  TRAIL  (Fig.  3a)  and 
chemotherapy-induced  death  (not  shown).  T4-2  cells  expressing  high  N-CoR2  were  also 
markedly  sensitized  to  death  stimuli  and  exhibited  apoptosis  levels  comparable  to  tumor  cells 
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with  low  N-CoR2  when  HDAC3  was  stably  down-regulated  using  retroviral-mediated  RNAi 


(Fig.  3b).  Consistently,  T4-2  cells  expressing  a  mutant  N-CoR  K449A,  which  binds  HD  ACS 

32 

and  inhibits  its  deacetylase  activity,  were  remarkably  sensitive  to  death  stimuli  (Fig.  3c, d)  . 
In  fact,  the  apoptotic  levels  achieved  by  K449A  expression  greatly  exceeded  the  amount  of 
death  induced  in  the  T4-2  vector  controls,  consistent  with  the  competitive  inhibitory  function 
of  this  mutant  N-CoR2  on  HDAC3  activity  (Fig.  3e).  These  data  indicate  that  the  nuclear 
deacetylase  activity  of  HDAC3  is  critical  for  N-CoR2-mediated  death  resistance  in  breast 
tumor  cells. 

N-CoR2/HDAC3  transcriptional  activity  predicts  treatment  refractoriness  in  human 
breast  cancers 

We  next  addressed  the  clinical  significance  of  N-CoR2.  Analysis  of  the  M.D.  Anderson 
Cancer  Center  (MDACC)  neoadjuvant  chemotherapy  (NACT)  trial  microarray  data  set, 
representing  a  cohort  of  130  breast  cancer  patients  with  pathologically-defined  treatment 
responsiveness  who  had  received  preoperative  combination  CT  with  paclitaxel  and 

37 

fluorouracil-doxombicin-cyclophosphamide  (T/FAC)  showed  that  tumors  with  higher 
N-CoR2  expression  had  a  2.2-fold  inereased  odds  ratio  of  NACT  response  failure  when 
eompared  to  tumors  with  lower  N-CoR2  (Fig.  4a  and  see  Supplementary  Table  2  online). 
We  also  noted  that  the  link  between  elevated  N-CoR2  and  treatment  refraetoriness  in  eaneer 
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patients  was  not  CT  regimen-specific,  because  we  observed  a  similar  association  in  breast 


cancer  patients  who  had  received  other  NACT  chemotherapies  including  docetaxel^*  and 
epirubicin  versus  cyclophosphamide^^(Fig.  4a). 

N-CoR2  is  subject  to  complex  post-transcriptional  regulation  and  interacts  with  a 
multitude  of  cofactors  that  influence  its  nuclear  localization  and  function"^® To  address  this 
issue  we  used  a  polygenic  approach  to  monitor  its  transcriptional  regulatory  activity.  We 
profiled  the  gene  expression  of  vector  control  versus  N-CoR2-expressing  T4-2  rBM 
mammary  spheroids  (Fig.  4b)  by  compiling  a  list  of  304  genes  (represented  by  350 
Affymetrix  probe  sets)  whose  expression  was  significantly  altered  by  N-CoR2  (Fig.  4b, c). 
We  identified  a  list  of  107  genes  from  these  N-CoR2-associated  genes  (represented  by  116 
Affymetrix  probe  sets,  designated  as  ""NCOR2-116”)  whose  baseline  expression  variability 
correlated  with  the  treatment  response  of  the  130  breast  tumors  in  the  patients  represented 
within  the  MDACC  data  set  {P  <  0.05  by  Student’s  t  test).  An  unsupervised  hierarchical 
clustering  algorithm  segregated  these  107  genes  into  a  distinct  biphasic  pattern  of  gene 
expression  such  that  the  130  tumors  segregated  into  highly  chemo-responsive  versus 
non-responsive  groups  (Fig.  4d).  To  verify  associations  between  our  experimentally-derived 
gene  expression  data  set  and  clinical  responsiveness  of  patients  from  the  MDACC  study  we 
used  Pearson’s  correlation  coefficient  to  develop  a  similarity  score  {Smcor2)  (Fig.  4e).  Tumors 
with  a  high  Sncor2  {is.  that  showed  the  greatest  gene  expression  similarity  to  N-CoR2 
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expressing  T4-2  spheroids)  had  a  10.7-fold  inereased  odds  ratio  of  NACT  response  failure 


(see  Supplementary  Table  2  online).  Moreover,  eompared  with  standard  CPV  of  breast 
eaneers  sueh  as  age,  tumor  size,  grade,  LN,  ER  and  HER2  status,  the  Sncor2  seore  measure 
was  the  strongest  (odds  ratio  8.9)  and  most  signifieant  (P  <  0.001)  independent  predietor  of 
redueed  NACT  response  (Fig.  4f).  Applieation  of  the  unsupervised,  hierarehieal  elustering 
algorithm  to  the  110  breast  tumors  in  the  NKI  data  set  of  patients  who  had  reeeived  adjuvant 
CT  additionally  showed  a  strong  assoeiation  between  the  N-CoR2-assoeiated  gene  signature 
(“NCOR2-63'\  whieh  eorresponds  to  the  genes  in  NCOR2-116)  and  redueed  time  to  relapse 
and  pereent  survival  (Fig.  4g,h).  These  findings  imply  that  N-CoR2-assoeiated  polygenie 
transeriptional  aetivity  eontributes  to  the  intrinsie  treatment  responsiveness  of  human  breast 
tumors  in  both  the  neoadjuvant  and  adjuvant  settings.  Aeeordingly,  N-CoR2  transeriptional 
aetivity  has  potential  signifieanee  as  a  predietor  of  patient  outeome. 

Funetional  gene  annotation  and  elustering  analysis  showed  that  genes  eneoding  seereted 
proteins  and  those  involved  in  inflammatory  response,  migration,  adhesion,  differentiation 
and  proliferation  were  enriehed  in  the  304  N-CoR2-assoeiated  gene  set  (see  Supplementary 
Fig.  3  online).  Nevertheless,  genes  direetly  regulating  eell  death  exeeution  and 
responsiveness  or  MDR  were  surprisingly  under-represented,  suggesting  N-CoR2  must 
mediate  eellular  death  resistanee  behavior  through  additional  meehanisms. 

Beeause  N-CoR2  regulates  the  expression  of  inflammatory  genes  ineluding  NF-kB, 
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AP-1,  and  ETS-dependent  genes"^*’"^^,  and  the  efficiency  of  tumor  treatment  in  patients  relies 


upon  transcriptional  up-regulation  of  pro-apoptotic  pathways  that  participate  in  death 
amplification  and  bystander-mediated  cell  death"'^'"'^,  we  asked  whether  N-CoR2  rendered 
tumor  cells  treatment  resistant  by  preventing  apoptosis  amplification.  We  acutely  treated 
N-CoR2  and  vector  control  T4-2  spheroids  with  TRAIL  (4  hours),  a  gene  up-regulated  in 
response  to  CT  and  radiation  treatment"*^,  in  the  presence  of  caspase  inhibitors  to  prevent 
apoptosis  execution.  A  Differential  Response  Index  (DRI)  was  then  used  to  identify  1328 
genes  (represented  by  1620  Affymetrix  probe  sets;  designated  as  ""NCOR2-1620”)  whose 
induced  or  repressed  differential  expression  depended  upon  N-CoR2.  Most  of  these  genes  in 
NCOR2-1620  were  less  inducible  in  the  tumor  spheroids  with  the  higher  N-CoR2  (Fig.  4b) 
and  Venn  analysis  revealed  that  only  166  (12.5  %)  of  these  1328  genes  overlapped  with  the 
N-CoR2-associated  gene  expression  profile  found  in  cells  in  the  absence  of  exogenous  stress 
stimuli  (Fig.  4c).  Functional  gene  clustering  and  promoter  analysis  of  the  NCOR2-1620  gene 
data  set  demonstrated  that  following  TRAIL  treatment  N-CoR2  profoundly  repressed  the 
expression  of  genes  involved  in  organelle  organization  and  biogenesis,  acetylation  and 
programmed  cell  death  (PCD)  including  those  implicated  in  bystander-mediated  cell  killing 
(Fig.  5a  and  data  not  shown).  These  data  are  consistent  with  the  idea  that  N-CoR2  actively 
represses  PCD  and  tempers  amplification  of  cell  killing  following  treatment"^ 
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N-CoR2  attenuates  death  induction  by  repressing  the  transcription  of  a  signature  of 
programmed  cell  death  genes  that  regulate  cell  death  amplification 

To  explore  the  molecular  pathways  by  which  N-CoR2  confers  resistance  to  death  stimuli 
in  breast  tumor  cells,  we  focused  on  a  list  of  64  programmed  cell  death  genes  (PCD  genes; 
00:0012501;  represented  by  75  Affymetrix  probe  sets;  Fig.  5b),  derived  from  the 
NCOR2-1620  gene  set.  Analysis  showed  that  the  majority  of  these  PCD-related  genes  were 
less  inducible  following  TRAIT,  or  chemotherapy  exposure  when  N-CoR2  expression  was 
elevated  (52  genes;  see  Supplementary  Table  3  online).  Furthermore,  several  anti-apoptotic 
proteins,  including  TRAFl,  MYBL2,  BIRC5  and  BCL2L1,  were  more  inducible  by  TRAIL 
exposure  and  chemotherapy  treatment  in  the  tumor  cells  expressing  high  N-CoR2  (Fig.  5b, e). 
Promoter  analysis  revealed  that  the  5’  promoter  region  of  many  of  these  PCD-related  genes 
contained  the  consensus  binding  site  for  pro-inflammatory  transcription  factors  (TFs)  such  as 
interferon  regulatory  factor- 1  (IRF-1),  signal  transducer  and  activator  of  transcription- 1 
(STAT-1),  the  forkhead  box  (FOX)  protein  forkhead-related  activator  2  (FOXF-2)  and  the 
ETS  domain  protein  ELK-4  (Fig.  5c).  Although  FOX  and  ETS  family  proteins,  including 
FOXP-1  and  TEL,  interact  with  N-CoR2  in  other  cell  types,  and  Fox  proteins  regulate  cancer 
pathology"^^’"^®,  the  most  prevalent  TF  binding  site  identified  in  these  PCD-related  gene 
promoters  was  IRF-1  («  =  28;  50%  of  the  genes  analyzed;  Fig.  5b  (yellow  bars)  and  see 
Supplementary  Table  4  online).  Moreover,  the  IRF-1  regulated  genes  were  by  far  the  most 
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significantly  repressed  by  N-CoR2  following  TRAIL  treatment  (Fig.  5c),  and  IRF-1  is  an 


important  regulator  of  PCD"^^.  Based  upon  these  observations  we  chose  IRF-1  for  additional 
analysis. 

We  verified  that  N-CoR2  consistently  and  significantly  repressed  TRAIL-dependent 
up-regulation  of  several  IRF-1 -regulated  genes  ineluding  TNFSFIO  and  STATl  in  both  T4-2 
and  MDA-MB-23 1  breast  tumor  cells  (Fig.  5e  and  data  not  shown).  N-CoR2  also  reduced  the 
ability  of  the  chemotherapeutie  agents  paclitaxel  and  doxorubiein  from  inducing  the  same 
PCD  genes  including  IRFl  and  TNFSFIO  (Fig.  5d).  Consistent  with  its  ability  to  augment 
death,  we  identified  Janus  kinase- 1  {JAKl),  a  kinase  that  regulates  the  interferon  (INF) 
signaling,  as  another  gene  whose  transcription  was  severely  reduced  in  response  to  death 
stimuli  when  N-CoR2  levels  were  elevated  (Fig.  5e).  We  thereafter  implicated  IRF-1 
transeriptional  repression  as  a  key  mechanism  by  which  N-CoR2-mediates  death  resistanee  in 
tumor  eells  by  demonstrating  that  several  pro-apoptotic  IRF-1 -regulated  enzymes,  including 
caspases  1,  7  and  8,  were  also  transeriptionally -repressed  following  TRAIL  treatment  in 
tumor  cells  expressing  elevated  N-CoR2  (Fig.  5b, e)"'*’"'^. 

We  directly  implicated  IRF-1  transcriptional  regulation  in  N-CoR2-mediated  death 
resistance  by  demonstrating  that  N-CoR2  co-precipitated  with  IRF-1  in  tumor  cells 
ectopically-expressing  GFP-labeled  N-CoR2  (Fig.  6a  (left))  and  also  interacted  with  the 
endogenous  N-CoR2  expressed  in  the  nonmalignant  S-1  MECs  (Fig.  6a  (right)).  Moreover, 
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while  TRAIL  treatment  of  breast  tumor  eells  signifieantly  inereased  the  aetivity  of  an  IRF-1 


lueiferase  reporter  eontaining  the  IRF  regulatory  faetor  element  (IRF-E),  eetopie  expression 
of  N-CoR2  signifieantly  inhibited  TRAIL-stimulated  IRF  transeriptional  aetivity  (Fig.  6b 
(left))"^^.  Indeed,  IRF-I  lueiferase  aetivity  assays  demonstrated  that  N-CoR2  direetly 
attenuates  IRF-1 -dependent  transeription  (Fig.  6b  (right)).  Importantly,  ehromatin 
immuno-preeipitation  (ChIP)  assays  showed  that  N-CoR2  and  HDAC3  were  direetly 
reeruited  to  the  IRF-E  eonsensus  sequenees  in  the  promoter  region  of  TNFSFIO  (Fig.  6c  and 
see  Supplementary  Fig.  4  online).  Furthermore,  eetopie  expression  of  N-CoR2  indueed 
signifieant  histone  hypoaeetylation  of  the  TNFSFIO  promotor  and  substantially  attenuated 
interaetions  between  IRF-1  and  its  eoaetivator  CREB  binding  protein  (CBP)  indieative  of 
dramatie  effeets  on  ehromatin  remodeling  (Fig.  6c, d)^^.  These  findings  suggest  that  N-CoR2 
represses  the  transeriptional  aetivity  of  IRF-1  by  preventing  eo-aetivator  reeruitment  and 
indueing  HD  ACS -dependent  histone  deaeetylation  (Fig.  6g). 

The  funetional  relevanee  of  a  link  between  IRF-N-CoR2  and  HD  ACS  and  apoptosis 
resistanee  was  illustrated  by  demonstrating  that  N-CoR2  was  able  to  inhibit  IRF-1 -mediated 
eell  death"^^.  Thus,  whereas  HEK293  eells  transiently  transfeeted  with  IRF-1  died  rapidly  by 
engaging  pro-death  apoptotie  signaling,  those  eells  simultaneously  expressing  exogenous 
N-CoR2  were  signifieantly  proteeted  (Fig.  6e).  Beeause  the  ChIP  studies  indieated  that  the 
eooperative  reeruitment  of  N-CoR2/HDAC3  and  IRF  to  the  TNFSFIO  promoter  was 
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associated  with  local  histone  hypoacetylation  (Fig.  6c),  we  asked  whether  chromatin 


remodeling  and  HDAC  activity  was  critical  to  this  death-resistance  phenotype.  Consistent 
with  its  repressor  function  N-CoR2  failed  to  inhibit  expression  of  PCD  genes  in  the  absence 
of  HD  ACS  activity,  as  revealed  by  the  strong  TRAIL- stimulated  induction  of  PCD  genes  in 
tumor  cells  expressing  the  functionally-deficient  N-CoR2  (K449A)  (Fig.  5e).  These  studies 
showed  that  HDAC3/N-CoR2  attenuates  death  induction  in  tumor  cells  by  repressing  the 
transcriptional  amplification  of  a  cassette  of  PCD  genes  critical  for  efficient  cell  killing. 
Indeed,  many  of  the  PCD  genes  are  secreted  and  themselves  induce  apoptosis  through  the 
extrinsic  pathway  suggesting  N-CoR2  restricts  cell  death  in  tumor  cells  not  only  by 
repressing  cell  death  amplification  but  also  likely  by  restricting  bystander-mediated  cell 
killing. 

HDAC3/N-CoR2-mediates  treatment  resistance  by  tempering  TRAIL-dependent 
bystander-mediated  cell  death  amplification 

The  efficiency  of  tumor  treatment  relies  on  the  concomitant  transcriptional  up-regulation  of 
pro-apoptotic/pro-inflammatory  cytokines  such  as  TNFa  and  the  TRAIL  ligand,  that 
following  their  secretion  feedback  through  autocrine  and  paracrine  signaling  to  amplify 
tumor  cell  killing  by  engaging  cell  death  receptors^  Consistent  with  this  paradigm, 
amongst  the  N-CoR2-IRF-regulated  PCD  genes  we  observed  that  TNFSFIO  (TRAIL)  was 
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repressed  the  most  {i.e.,  the  lowest  DRI)  in  response  to  death  stimuli  (Fig.  5b).  Based  on  this 


result  and  the  finding  that  transeriptional  up-regulation  and  seeretion  of  TRAIL  indueed  eell 
death  in  leukemia  eells  following  HDAC-inhibitor  treatment^^,  we  reasoned  that 
HDAC3/NCoR2  eould  repress  death  in  breast  eaneer  eells  by  blunting  TNFSFIO  (TRAIL) 
transeription.  Indeed,  we  eould  show  that  retroviral-mediated  RNAi  down-regulation  of 
endogenous  TNFSFIO  (TRAIL)  signifieantly  attenuated  eell  death  induetion  in  T4-2  breast 
eaneer  eells  by  approximately  50%  (Fig  6f).  These  results  underseore  the  importanee  of  eell 
death  amplifieation  for  effieient  therapeutie  responsiveness  of  tumors.  They  also  identify  a 
elinieally-relevant  "epigenetie"  repressor  meehanism  that  eripples  this  eritieal  death 
amplifieation  eireuit  to  drive  treatment  resistanee  in  tumors. 
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DISCUSSION 


By  exploiting  a  simple  3D  MEC  organoid  model  we  defined  a  novel  treatment  resistanee 
meehanism,  mediated  by  the  NCoR2  repressor  eomplex,  that  is  frequently  up-regulated  in 
reeurrent,  aggressive  breast  eaneers  and  that  prediets  patient  mortality.  We  found  that  breast 
tumor  eells  that  express  high  levels  of  a  funetional  N-CoR2/HDAC3  eomplex  resist  a 
plethora  of  pro-apoptotie  stimuli  (ehemotherapies,  immune  reeeptor  aetivators,  gamma 
irradiation)  and  demonstrate  enhaneed  elonogenie  survival  beeause  this  eomplex 
“epigenetieally-inhibits  eell  death  amplifieation”  (Fig.  6g).  Our  findings  indieate  that  this 
intrinsie  N-CoR2-mediated  death-resistanee  meehanism  pre-exists  within  eells  in  the  primary 
tumor,  and  that  the  phenotype  is  not  eonfined  to  one  breast  eaneer  subtype.  Our  observations 
imply  that  this  eell-death  inhibitory  phenotype  manifests  its  effeets  following  exposure  to 
stress,  at  whieh  time  the  eomplex  eonfers  profound  resistanee  by  eoordinately  modulating  the 
levels  of  multiple  eomponents  of  the  extrinsie  and  intrinsie  eell  death  pathways.  The  data 
aeeord  with  the  notion  that  apoptosis  amplifieation,  as  exemplified  by  bystander-indueed  eell 
death,  is  a  eonserved,  eritieal  meehanism  whereby  the  effieieney  of  tumor  eell  killing  is 
inereased  in  patients  undergoing  CT  and  radiation-treatment'^'^’'^^.  The  results  are  eonsistent 
with  literature  reporting  that  redueed  expression  or  mutations  in  eomponents  of  either  the 
extrinsie  or  intrinsie  eell  death  pathway  aeeount  for  some  of  the  blunted  therapy 
responsiveness  observed  in  eultured  eaneer  eells,  in  experimental  tumors  in  vivo  and  in 
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cancer  patients^.  By  extrapolation,  the  NCoR2 -mediated  survival  mechanism  builds  upon  the 


single  hit  mutation/selection/survival  paradigm  to  define  a  novel  mechanism  whereby  the 
activity  of  a  few  key  chromatin  remodeling  proteins  can  dynamically  modulate  the  level  of 
multiple  cell  death  regulatory  molecules  to  significantly  potentiate  the  treatment  survival  of  a 
cell.  As  such,  this  PCD  resistance  mechanism  could  explain  the  quick  evolution  of  MDR  that 
arises  in  some  cancers  by  incorporating  the  concept  that  chromatin  remodeling  can  rapidly 
drive  treatment  resistance  to  a  broad  spectrum  of  reagents  by  epigenetically  regulating 
intrinsic  and  extrinsic  cell  death  signaling  ’  ’  "  .  Accordingly,  this  novel  “epigenetic” 
mechanism  may  account  for  the  enhanced  mortality  rates  associated  with  many 
treatment-resistant,  primary  and  metastatic  human  breast  tumors.  Indeed,  our  findings  explain 
the  observation  that  N-CoR2  is  an  independent  predictor  of  poor  outcome  in  breast  cancer 
patients^"^  and  why  high  N-CoR2  associates  significantly  with  some  aggressive, 
therapy-resistant  glioblastomas  and  ovarian  carcinomas  (data  not  shown).  These  results 
suggest  that  N-CoR2-mediated  PCD  gene  regulation  could  be  a  fundamental  mechanism  by 
which  many  cancers  evade  therapy. 

We  identified  NCoR2  as  a  death  response  regulator  in  MECs;  findings  that  accord  with 
work  showing  that  N-CoR2  contributes  to  breast  tumor  recovery  from  IR  by  modulating  the 
DNA-dependent  protein  kinase  complex^^.  Our  studies  expand  this  phenotype  to  show  that 
N-CoR2  regulates  the  expression  of  a  myriad  of  cell  death  signaling  molecules  (Fig.  5c). 
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While  N-CoR2  was  originally  described  as  a  repressor  of  non-ligated  nuclear  receptors^^,  it  is 
now  appreciated  that  it  facilitates  gene  silencing  of  a  variety  of  non-receptor  transcriptional 
factors^^.  Consistently,  we  showed  that  the  NCoR2/HDAC3  repressor  complex  augments  the 
apoptotic  responsiveness  of  cancer  cells  by  actively  competing  with  CBP  to  modulate  the 
gene  transcription  of  a  network  of  IRF-1 -regulated  extrinsic  and  intrinsic  cell  death  pathway 
molecules  (Fig.  6d).  In  this  respect  our  findings  that  TNFSFIO  (TRAIL)  is  tightly  (and 
directly)  regulated  by  the  IRF-l/N-CoR2/HDAC3  complex  echoes  the  idea  that  HD  AC 
inhibitors  efficiently  enhance  the  killing  of  leukemia  cells  because  they  permit  the 
re-expression  of  TNFSFIO  (TRAIL)  to  enhance  bystander-mediated  tumor  kill^^.  Our  data 
bolster  the  argument  that  tumor  exploit  molecules  directing  developmental  programs  to  their 
advantage  because  the  N-CoR2/HDAC3/HDAC7  complex  regulates  survival  in  lymphocytes 
during  positive  and  negative  T  cell  selection  and  in  endothelial  cells  during  vascular 
remodeling^^’^^.  Indeed,  several  PCD  genes  that  enhance  cell  survival  during  development, 
such  as  c-FLIP,  the  BCL2  family  proteins  and  the  inhibitor  of  apoptosis  protein  (lAP)  family 
proteins,  are  frequently  up-regulated  in  human  cancers  and  are  associated  with  tumor 
aggression,  apoptosis  resistance  and  poor  patient  prognosis  .  Not  only  do  our  findings  concur 
with  these  data,  but  they  place  the  N-CoR2  complex  upstream  of  and  in  control  of  many  of 
these  PCD  regulatory  molecules,  implying  that  the  complex  can  act  as  a  master  regulator  of 
cell  death.  Indeed,  because  we  showed  that  N-CoR2  expression  and  the  N-CoR2-associated 
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gene  expression  signature  is  strongly  linked  to  the  therapeutie  outeome  of  a  primary  breast 


tumor  this  implies  that  the  MDR  phenotype  is  aequired  at  an  early  stage  of  tumor 
development  and  is  eonsequently  epigenetieally  pre-determined  prior  to  therapy.  Aeeordingly, 
our  N-CoR2  gene  signature  eould  be  used  to  prediet  the  sensitivity  of  a  tumor  to  therapeutie 
agents  ineluding  HD  AC  inhibitors  or  agents  that  target  epigenetie  pathways. 

Genetie  and  epigenetie  alterations  eontribute  to  tumor  heterogeneity  and  influenee  the 
treatment  response  of  eaneer  eells\  While  gene  therapy  eould  restore  levels  of  tumor 
suppressors  sueh  as  p53  that  would  enhanee  treatment  response,  pharmaeologieal  agents  that 
inhibit  the  aetivity  of  HDACs  and  DNA  methyltransferases  are  more  elinieally  traetable^^.  We 
identified  high  NCoR2  levels  in  aggressive,  treatment  resistant  eaneers  and  showed  that  it 
eonfers  apoptosis  resistanee  by  inhibiting  the  stress-indueed  expression  of  a  eassette  of  PCD 
genes  (Fig.  5b)  by  remodeling  ehromatin  through  eooperative  interaetions  with  HDACS  that 
modulate  the  expression  of  IRF-1,  FOXF-2,  STAT-1,  and  ELK-4-dependent  gene 
transeription  (Fig.  5c).  Thereby,  N-CoR2  joins  the  arsenal  of  ehromatin  remodeling  proteins 
that  promote  tumor  aggression.  Yet,  our  findings  also  provide  the  first  example  by  whieh 
MDR  in  malignant  tissues  ean  be  driven  through  multi-gene  expression  alterations 
eoordinated  by  a  developmentally-eonserved  epigenetie  meehanism.  Thus,  while  a  single 
gene-mediated  resistanee  meehanism,  mediated  for  instanee  via  the  methylation-dependent 
sileneing  of  individual  genes  involved  in  DNA  repair  and  apoptosis,  sueh  as  APAFl  and 
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hMLHl^^  is  the  prevailing  dogma,  our  data  suggest  that  the  MDR  phenotype  is  poly-genieally 
and  multi-faetorially  related.  It  therefore  follows  that  other  epigenetie  regulators  that 
modulate  PCD  during  development  might  also  be  exploited  by  tumors  to  promote  the  MDR 
phenotype. 
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METHODS 


Chemicals  and  antibodies.  Antibodies  and  reagents  used  are  in  Supplementary  Methods. 

Cell  culture.  Human  mammary  HMT-3522  S-1,  T4-2,  MDA-MB-231  and  HEK293  cells 
were  propagated  and  manipulated  as  previously  described'*’’^^. 

Cell  death  stimulation  and  analysis.  MECs  either  in  2D  or  3D  were  treated  with  death 
stimuli  and  assayed  for  apoptosis  12-48  hrs  after  treatment,  as  described’^.  IR  experiments 
employed  a  calibrated  Mark  I  Cesium  137  irradiator  (JL  Shepherd  &  Associates).  Clonogenic 
survival  was  assayed  in  single  cells  in  rBM  following  exposure  to  IR  (9  Gy)  and  outgrowth 
was  monitored  by  weekly  measurement  of  colony  size  followed  by  viability  assay  after  1 
month. 

Immunofluorescence  and  tissue  microarray  analysis.  Cells  and  tissues  were 
immunostained  using  protocols  previously  described’*’’*’®.  TMA  of  human  breast  cancers  was 
obtained  from  US  Biomax,  Inc.,  code  BR804.  The  nuclear  and  cytoplasmic  staining  patterns 
of  N-CoR2  were  quantified  using  the  histological  score  (H-score;  Supplementary  Methods). 

Chromatin  immunoprecipitation  (ChIP)  and  reporter  assays.  ChIP  assays  were 
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performed  as  per  manufacturer's  directions  (Upstate)  (Supplementary  Methods).  Reporter 


assays  were  conducted  in  transiently  transfected  HEK293  cells  and  employed  the  IRF-1 
luciferase  reporter  vector  pTL-Luc-IRFl  (Panomics)"^^’^^. 

Gene  manipulations.  Stable  retroviral-mediated  knockdown  of  N-CoR2,  HDAC3  and 

3 1 

TRAIL  was  achieved  using  previously  described  oligonucleotide  sequences  .  Murine 
NCOR2  cDNA  was  sub-cloned  into  pLZRS-MFG-^e^EGFR  Mutant  N-CoR2  (K449A)  was 
generated  using  the  QuickChange  Site-Directed  Mutagenesis  kit  (Stratagene).  Stable 
populations  of  MFCs  expressing  EGFP-tagged  retroviral  constructs  were  FACS  sorted  or 
antibiotic  selected  and  re-infected  with  high  titer  MFG  virus  expressing  the 
tetracycline-controlled  transcriptional  transactivator. 

Orthotopic  breast  tumorigenesis  models  and  bioluminescence  imaging  (BLI). 

pSFP-GFP-FFLuc  (gift  from  R.J.  Brentjens,  Memorial  Sloan  Kettering  Cancer  Center),  was 
transduced  into  MDA-MB-231-N-CoR2  cells.  Cells  (2  x  10^  cells  in  100  ql  1:1  mixture 
rBM:HBSS)  were  inoculated  into  the  mammary  fat  pads  of  8-week-old  female  NOD/SCID 
mice  (National  Laboratory  Animal  Center,  Taiwan).  Once  tumors  had  formed  the  mice  were 
given  intraperitoneal  injections  of  paclitaxel  (20  mg/kg)  or  vehicle  every  week  for  6 
consecutive  weeks.  Bioluminescence  of  the  tumor  mass  was  assessed  by  using  the  IVIS 
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Imaging  System  (Xenogen)  weekly  prior  to  treatment  (Supplementary  Methods). 

HDAC  activity  assay.  Nuclear  protein  extracts  prepared  from  HEK  293  cells  expressing 
myc-tagged  N-CoR2,  N-CoR2  (K449A)  or  a  control  EGFP  construct  were 
immunoprecipitated  using  mouse  anti-myc  antibody,  and  HDAC  activity  was  determined  in 
normalized  aliquots  using  the  Fluor  de  Eys^*^  Assay  System  (Biomol). 

Gene  expression  profiling  and  quantitative  RT-PCR  analysis.  Total  RNA  from  3-4 
independent  organotypic  culture  experiments  (Day  12-14  3D  rBM  culture,  +/-  N-CoR2,  +/-  4 
hours  TRAIL  treatment;  1  pg/mL;  4  hours  -I-  caspase  inhibitors)  was  extracted  (RNeasy  Mini 
Kit;  Qiagen),  labeled,  and  cRNA  was  prepared,  fragmented  and  hybridized  to  U133A  2.0 
GeneChips  containing  22,283  probes,  as  recommended  (GeneChip™  protocol,  Affymetrix, 
Inc.;  Supplementary  Methods).  The  gene  expression  data  have  been  deposited  in  NCBI 
Gene  Expression  Omnibus  (GEO,  http://www.ncbi.nlm.nih.gov/geo/)  and  are  accessible 
through  GEO  Series  accession  number  GSE8346.  For  RT-PCR  analysis,  cDNA  synthesized 
using  MMLV  reverse  transcriptase  (Promega)  was  used  as  template  for  PCR  amplification 
using  the  LightCycler  System  (Roche).  Oligonucleotide  primers  were  designed  according  to 
Primer  Bank  (http://pga.mgh.harvard.edu/primerbank/index.html). 
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Bioinformatics  analysis.  The  criteria  for  gene  selection  are  in  Supplementary  Methods. 


Differences  in  gene  expression  between  N-CoR2  and  TRAIL-treatment  status  and  control 
was  measured  using  the  equation  “log2(NT/N)  -  log2(VT/V)”,  which  is  designated  as  a 
differential  response  index  {DRI). 

Gene  ontology  (GO)-based  functional  classification  of  the  identified  genes  was 
performed  systematically  by  DAVID  (http://david.abcc.ncifcrf  gov/).  TRANSFEC 
(http://www.gene-regulation.com/pub/databases.html)  and  oPOSSUM 

(http://www.cisreg.ca/cgi-bin/oPOSSUM/opossum)  were  used  to  search  for  enriched  TF 
binding  sites  in  the  promoter  regions  of  different  sets  of  genes  identified  from  transcript 
profiling.  Results  were  further  processed  and  displayed  using  HotGene 
(http://www.hotgene.net/)  (Hotgene  Informatics).  Tumor  transcriptome  data  sets  used  for 
therapeutic  outcome  and  survival  analysis  were  reported  previously  and  obtained  from 
respective  sources  (Supplementary  Methods). 

Unsuperyised  clustering  and  construction  of  Sncor2>  Average  linkage  clustering  on  the 
medium-centered  gene  expression  values  in  the  NCOR2-116  gene  set  used  the  Cluster  and 
TreeView  software  (http://rana.lbl.gov/eisen).  The  degree  of  resemblance  between  the 
expression  profiles  of  the  N-CoR2-associated  genes  in  breast  tumors  and  those  in  T4-2 
spheroids  with  high  (N-CoR2)  versus  low  N-CoR2  (Vector)  was  assessed  using  Pearson’s 
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correlation  coefficient,  which  yielded  rNcoR2  and  r^ector,  respectively.  Tumors  with  greater 


rNCOR2  than  r^ector  were  viewed  as  exhibiting  elevated  N-CoR2-dependent  transcription  and 
the  value  of  Sncor2  was  used  to  represent  the  difference  between  rNcoR2  and  r^ector,  Sncor2  = 

rNC0R2  -  r sector  (Supplementary  Methods). 

Statistical  analysis.  We  used  the  InStat  software  (Graphpad)  and  the  SPSS  10.0  software 
(SPSS)  for  statistical  analysis.  Unless  otherwise  stated,  two-tailed  Student  Mest  was  used  for 
simple  significance  testing.  Survival  curves  were  generated  using  the  method  of  Kaplan  and 
Meier.  The  curves  were  plotted  and  compared  using  the  log-rank  test  using  the  GraphPad 
Prism  5.02  software  (GraphPad  Software).  Statistical  significance  was  considered  P  <  0.05. 
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LEGENDS 


Figure  1.  N-CoR2  is  necessary  for  treatment-resistance  in  3D  mammary  tissues,  (a)  Left, 
representative  immunoblot  images  showing  total  nuclear  acetylated  (Ac)-histone  H4  (Ac-H4); 
acetylated-histone  H3  (Ac-H3);  trimethyl  (Me3)-H3K27  (Me3-H3K27);  MeCP2;  Me3-H3K9; 
HPl  and  H2B  in  HMT-3522  SI  nonmalignant  HMT-3522  mammary  epithelial  cells  (SI 
MECs)  grown  as  two  dimensional  monolayers  on  rBM  (2D)  or  as  three  dimensional  acini  in 
rBM  (3D).  Right,  confocal  images  of  S-1  MECs  grown  in  2D  versus  3D  stained  for 
acetylated-histone  H4K5  (Ac-H4K5);  acetylated-histone  H3K9  (Ac-H3-K9);  Me3-H3K9; 
Me3-H3K27  and  HPl  (red).  Scale  bar,  20  pm.  (b)  Line  graphs  showing  percent  cell  death  in 
response  to  increasing  dose  of  TRAIL,  paclitaxel  and  ionizing  irradiation  (IR)  in  S-1  MECs 
grown  in  2D  versus  3D,  with  and  without  prior  TSA  (100  nM)  treatment,  (c)  Bar  graphs  of 
relative  mRNA  levels  of  chromatin  remodeling  molecules  in  S-1  MECs  grown  in  2D  versus 
3D.  (d)  Left,  representative  immunoblots  of  N-CoR2,  GPS2  and  histone  2B  (H2B)  in  SI 
MECs  grown  in  2D  versus  3D.  Right,  quantification  of  immunoblots  shown  at  left,  (e)  Top, 
immunoblots  showing  total  cellular  protein  level  following  shRNA-mediated  knockdown  of 
N-CoR2  in  SI  MECs.  Bottom,  confocal  images  of  SI  MEC  rBM  acini  with  and  without 
shRNA-mediated  knockdown  of  N-CoR2  treated  with  and  without  TRAIL  (0.5  pg/ml;  24  h) 
and  stained  for  a6  integrin  (red;  indicated  by  arrows),  cleaved  caspase  3  (green;  see  arrow  in 
lower  right  hand  image)  and  DAPI  (nuclei;  blue).  Scale  bar,  20  pm.  (f)  Line  graphs  showing 
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percent  cell  death  in  SI  MECs  grown  in  2D  versus  3D,  with  and  without  shRNA-mediated 


knockdown  of  N-CoR2  in  response  to  increasing  dose  of  TRAIL,  paclitaxel,  doxorubicin  and 
IR.  Error  bars  represent  mean  ±  s.e.m.  {n  =  3-6)  for  b,  c,  d,  and  f.  <  0.01;  <  0.001. 

Figure  2.  N-CoR2  mediates  treatment  resistance  in  human  breast  cancers  and  in 
mammary  tumors  in  culture  and  in  vivo,  (a)  Left,  representative  immunohistochemistry 
images  of  breast  tumors  showing  intense  (3+;  top)  or  low  staining  (1+;  bottom)  for  nuclear 
N-CoR2.  Scale  bars,  100  |Lim.  Right,  bar  graphs  quantifying  N-CoR2  nuclear  (open  bars)  and 
cytoplasmic  staining  level  (solid  bars)  in  cancerous  human  breast  tissues  (38  specimens),  (b) 
Line  graphs  showing  Kaplan-Meier  survival  analysis  of  the  NKI  data  set  following 
illustrating  patient  survival  disparities  with  (left)  and  without  (right)  systemic  CT  based  upon 
partitioning  into  quartiles  by  N-CoR2  status.  P  values  were  calculated  using  the  log-rank  test, 
(c)  Top,  representative  immunoblots  showing  N-CoR2  levels  in  HMT-3522  T4-2  (T4-2)  and 
MDA-MB-23 1  breast  cancer  cells  expressing  GLP  or  GLP-tagged  N-CoR2.  Bottom, 
representative  immunofluoresence  images  of  T4-2  {upper)  and  MDA-MB-23 1  {lower)  cells 
expressing  GLP  or  GLP-tagged  N-CoR2.  Scale  bars,  25  qm.  (d)  Line  graphs  showing  percent 
death  of  T4-2  cells  expressing  N-CoR2  or  empty  vector  when  grown  as  a  monolayer  on  rBM 
(2D;  right)  or  as  single  cells  {middle)  or  multicellular  spheroids  embedded  within  rBM  (3D; 
left)  following  exposure  to  increasing  dose  of  TRAIL  {upper  graphs)  or  paclitaxel  {lower 


36 


graphs),  (e)  Line  graphs  showing  percent  death  of  MDA-MB-23 1  cells  expressing  N-CoR2 


or  vector  grown  in  2D  following  exposure  to  increasing  dose  of  TRAIT.,  (f)  Line  graph 
showing  rate  of  T4-2  colony  re-growth  following  exposure  to  IR.  (g)  Bioluminescence 
images  (BLI)  of  NOD-SCID  mammary  fat  pads  inoculated  with  MDA-MB-23 1  cells 
expressing  SFG-GFP-FFLuc  and  either  N-CoR2  or  empty  vector  4  weeks  following 
treatment  with  paclitaxel  (10  mg/kg;  weekly)  or  vehicle,  (h)  Left,  immunohistochemistry  of 
activated  caspase-3  levels  in  the  MDA-MB-23 1  tumor  cell  epithelium  with  (bottom)  and 
without  (top)  ectopic  overexpression  of  N-CoR2  after  four  weeks  of  growth  and  two  rounds 
of  paclitaxel  treatment  in  the  mammary  glands  of  NOD-SCID  mice.  Scale  bars,  100  |xm. 
Right,  bar  graph  quantifying  images  shown  at  left,  (i)  Tumor  bulk  quantified  as  BLI 
normalized  photon  counts  as  a  function  of  time  in  mice  described  in  g.  Arrows  indicate  the 
time  of  paclitaxel  treatment,  (j)  Percent  survival  as  a  function  of  time  following  paclitaxel 
treatment  of  mice  inoculated  with  MDA-MB-23 1  cells  expressing  N-CoR2  or  empty  vector. 
Error  bars  represent  mean  ±  s.e.m.  («  =  3-6)  for  d,  e,  f,  h,  and  i.  **P  <0.01;  ***P  <  0.001. 

Figure  3.  N-CoR2-mediated  treatment  resistance  in  MFCs  is  HDAC3-dependent.  (a)  Bar 

graphs  showing  percent  death  induced  in  response  to  TRAIL  (0.5  pg/ml)  in  HMT-3522  T4-2 
breast  cancer  cells  (T4-2  cell)  expressing  either  empty  vector  or  N-CoR2  with  or  without 
prior  treatment  (24  hours)  with  SAHA  (1-5  pM)  or  TSA  (0.5- 1.0  pM).  (b)  Left,  representative 
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immunoblots  of  HDAC3  and  P-tubulin  in  T4  cells  before  and  after  shRNA-mediated 


knockdown  of  HD  ACS.  Right,  line  graphs  showing  percent  cell  death  in  response  to 
increasing  dose  of  TRAIL  in  T4-2  cells  expressing  either  empty  vector  or  N-CoR2  either  with 
or  without  shRNA-mediated  knockdown  of  HD  ACS.  (c)  Representative  immunoblots  of  myc, 
HD  ACS  and  lamin  B1  in  total  nuclear  lysate  (bottom)  or  myc-immunopreciated  nuclear 
lysate  (top)  from  HEK  293  cells  expressing  myc-tagged  N-CoR2,  N-CoR2  (K449A)  or  empty 
vector,  (d)  Bar  graphs  showing  relative  HD  AC  activity  before  and  after  TSA  treatment  in 
myc-immunoprecipitated  nuclear  lysates  from  the  HEK  293  cells  described  in  c.  (e)  Line 
graphs  showing  percent  cell  death  in  response  to  increasing  dose  of  TRAIL  in  T4  cells 
expressing  empty  vector,  wild-type  N-CoR2  or  N-CoR2  (K449A).  Error  bars  represent  mean 
±  s.e.m.  (n  =  3-6)  in  a,  b,  d,  and  e.  *P  <  0.05;  <  0.01;  ***P  <  0.001. 

Figure  4.  N-CoR2-regulated  gene  expression  predicts  NACT  and  CT  responsiveness  in 
breast  cancer  patients,  (a)  Box  plots  showing  N-CoR2  transcript  levels  of  responding  (R) 
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and  nonresponding  (NR)  breast  cancer  patients  receiving  NACT  with  T/FAC  (^  =  130)  , 
docetaxel  (n  =  24)^^  or  EC  (n  =  82)^^.  (b)  Upper,  schemata  depicting  experimental  protocol 
used  to  construct  basal  and  TRAIL-stimulated  N-CoR2  transcript  profile.  Lower,  percent 
repressed  and  induced  N-CoR2  regulated  steady-state  and  TRAIL-regulated  genes,  (c)  Venn 
diagram  showing  steady-state  and  TRAIL-regulated  genes  differentially  modulated  by 
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N-CoR2  in  T4-2  breast  cancer  cells  grown  as  3D  rBM  spheroids,  (d)  Hierarchical  clustering 


of  the  130  breast  tumors  in  the  MDACC  data  set  using  the  107-gene  N-CoR2 -regulated  gene 
set.  The  relative  level  of  gene  expression  is  depicted  either  as  a  high  (red)  or  low  (green) 
colorgram.  A  dendrogram  shown  at  the  top  segregates  the  tumors  into  two  subgroups  with 
tumors  from  the  Rs  or  NRs  denoted,  (e)  Schematic  representation  of  the  derivation  of  Sncori- 
The  tumors  in  the  MDACC  data  set  have  been  sorted  in  descending  order  according  to  Sncori 
and  then  classified  into  two  NACT  response  groups  with  optimal  accuracy  (solid  line),  (f) 
Multivariate  analysis  illustrating  the  likelihood  of  patient  failure  to  respond  to  NACT. 
Tumors  were  segregated  into  subcategories  according  to  clinic-pathological  variables  and 
Sncor2  with  optimal  classification  accuracy  as  shown  in  e.  Cl  denotes  95%  confidence  interval, 
(g)  Hierarchical  clustering  of  the  110  breast  tumors  in  the  NKI  data  set  who  had  received 
adjuvant  CT  time  using  the  63-gene  N-CoR2-associated  gene  set  applying  a  colorgram 
scheme  as  described  above  in  d.  (h)  Line  graphs  showing  Kaplan-Meier  analysis  of  percent 
relapse  free  (left)  and  percent  survival  (right)  of  the  patients  represented  by  the  NKI  data  set 
illustrating  patient  relapse  and  survival  rates  based  upon  cluster  A  versus  B  gene  expression 
similarity  as  shown  in  g.  P  values  were  calculated  using  the  log-rank  test. 

Figure  5.  N-CoR2  coordinately  modulates  the  expression  of  key  programmed  cell  death 
regulators,  (a)  Enriched  functional  gene  categories  (EFGC)  and  their  predicted  associations 
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in  the  NCOR2-1620  gene  set.  Eaeh  EFGC  was  segregated  aeeording  to  gene  ontology 


biologieal  proeess  (GO-BP)  and  Swissprot  Keywords  (SPK)  and  are  depleted  as  squares  with 
the  eross  seetional  area  and  the  intensity  of  the  red  eolor  margin  representing  the  number  and 
the  average  fold  gene  ehange  of  the  genes  ineluded  eaeh  eategory.  (b)  Expression  patterns  of 
the  64  PCD  genes  (75  probe  sets)  ranked  aeeording  to  DRl.  The  fold  ehange  in  mean 
transeript  level  (on  a  log2  seale)  have  been  plotted  to  illustrate  their  differential  response  to 
TRAIL.  Those  genes  with  IRF-1  eonsensus  sites  in  their  promoter  are  highlighted  in  yellow, 
(c)  The  transeription  faetor  (TF)-target  gene  assoeiation  network  indieating  5  of  the  top 
ranked  N-CoR2-modulated  PCD  genes.  TFs  with  binding  sites  enriehed  in  the  PCD 
promoters  are  illustrated  as  squares  with  the  eross  seetional  area  representing  the  number  of 
regulated  target  genes  and  red  delineating  inereased  and  green  depieting  deereased  DRI 
following  TRAIL  treatment,  (d)  Transeript  levels  of  IRFl  (top)  and  TNFSFIO  (lower)  in  T4-2 
eells  expressing  empty  veetor  or  N-CoR2  as  a  funetion  of  time  following  TRAIL  (0.5  pg/ml; 
not  shown),  paelitaxel  (500  nM)  or  doxorubiein  (I  pM)  treatment,  (e)  Fold  ehange  in  mRNA 
of  seleeted  PCD  genes  following  TRAIL  treatment  normalized  to  vehiele  eontrol  in  T4-2 
eells  expressing  empty  veetor,  wild  type  N-CoR2  or  mutant  N-CoR2  (K449A).  Error  bars 
represent  mean  ±  s.e.m.  (n  =  3-6)  in  d  and  e.  <  0.05;  **P  <  0.01;  ***P  <  0.001. 

Figure  6.  N-CoR2  suppresses  IRF-l-dependent  transcription  to  restrict 
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bystander-mediated  cell  death  amplification,  (a)  Left,  representative  immunoblots  of 


{bottom)  total  cellular  GFP-tagged  N-CoR2,  and  IRF-1,  HD  ACS  and  H2B  and  {top)  IRF-1, 
HDAC3  and  IgG  co-immunoprecipitated  with  exogenously  expressed,  GFP-tagged  N-CoR2 
in  T4-2  breast  cancer  cells.  Right,  total  cellular  (bottom)  N-CoR2,  IRF-1,  HDAC3  and  H2B 
and  {top)  IRF-1,  HD  ACS  and  IgG  co-immunoprecipitated  with  endogenous  N-CoR2  in  S-1 
nonmalignant  MFCs  with  shRNA-mediated  knockdown  of  N-CoR2  or  control  shRNA.  (b) 
Left,  bar  graphs  showing  transcriptional  activity  of  IRF-1  (pTL-Luc-IRFl)  as  measured  by 
luciferase  activity  in  HEK293  cells  with  and  without  N-CoR2  expression  (+/-  doxycycline) 
before  and  after  TRAIL  treatment.  Right,  bar  graphs  quantifying  IRF-1  promoter  activity  (as 
in  b)  with  and  without  co-expressed  N-CoR2,  before  and  after  ectopic  IRF-1  expression 
(pcDNA3-IRF-l).  (c)  Representative  ChIP  assay  data  showing  results  of  N-CoR2  association 
with  the  TRAIL  promoter  in  T4-2  tumor  cells  using  anti-GFP,  HD  ACS,  Ac-H3,  and  mouse 
IgG  antibodies,  (d)  Representative  immunoblots  of  total  {bottom)  cellular  CBP,  IRF-1  and 
H2B  and  {top)  IRF-1  and  IgG  co-immunoprecipitated  with  CBP  before  {left)  and  after  (right) 
N-CoR2  expression  in  T4-2  breast  cancer  cells,  (e)  Bar  graphs  showing  percent  death  in 
HEK293  cells  expressing  IRE-1  with  and  without  DOX-induced  N-CoR2.  (!)  Left,  bar  graphs 
showing  level  of  RNAi-mediated  knockdown  of  TRAIL  in  T4-2  cells.  Right,  bar  graphs 
showing  percent  TRAIL-induced  cell  death  (0.5  pg/ml)  induced  in  T4-2  control  cells 
compared  to  T4-2  cells  in  which  TRAIL  was  knocked  down  or  rendered  non-inducible 
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through  ectopic  expression  of  N-CoR2.  Error  bars  represent  mean  ±  s.e.m.  (n  =  3-6)  in  b,  e, 


and  f.P<  0.05;  <  0.01;  ***P  <  0.001.  (g)  A  cartoon  depicting  a  model  by  which 

N-CoR2  induces  treatment  resistance  in  breast  cells.  In  the  absence  of  N-CoR2,  IRF-1 
interacts  readily  with  CBP  to  facilitate  chromatin  remodeling  and  favor  promoter  accessibility 
which  permits  cells  to  up-regulate  a  plethora  of  pro-death  IRF-1 -regulated  genes  in  response 
to  an  exogenous  cell  death  cue.  One  of  the  more  prominent  of  these  genes  is  TRAIL,  which 
via  a  positive  feed  back  bystander-mediated  effect  engages  the  extrinsic  cell  death  machinery 
to  significantly  enhance  cell  killing.  In  the  presence  of  N-CoR2  this  transcriptional 
amplification  mechanism  is  severely  inhibited.  Thus,  when  the  N-CoR2  complex  is  active 
CBP-IRF-1  interactions  are  outcompeted  and  IRF-1 -mediated  transcription  is  repressed  so 
that  the  induction  of  stress-induced  genes  such  as  TRAIL  is  severely  inhibited  following 
exposure  to  death  stimuli.  The  net  result  is  that  cells  expressing  an  activated  N-CoR2 
repressor  complex  exhibits  a  greatly  blunted  response  to  cell  death  induction  and  bystander 
mediated  death  amplification  is  critically  curtailed.  While  this  mechanism  protects  normal 
cells  from  death  it  can  impede  the  efficiency  of  tumor  treatment. 
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Days 

Supplementary  Figure  1.  (a)  The  DNA  methyltransferase  inhibitor  5-Aza-2’-deoxycytidine 
(ADC)  sensitizes  SI  rBM  acini  to  an  array  of  death  stimuli.  Left,  line  graphs  showing  percent 
cell  death  in  response  to  increasing  concentration  of  TRAIL  ligand  {left)  or  the  chemotherapy 
agent  paclitaxel  (right)  in  SI  MECs  grown  as  a  2D  monolayer  or  within  rBM  acini  that  had  been 
pre-treated  (12  hours)  with  either  ADC  (0.5  pM)  or  vehicle,  (b)  N-CoR2  does  not  affect  growth 
of  the  nonmalignant  HMT-3522  S-1  MECs.  Line  graphs  showing  the  rate  of  grow  of  HMT-3522 
SI  nonmalignant  MECs  stably  expressing  either  N-CoR2  shRNA  or  control  shRNA.  Cells  were 
seeded  on  culture  plastics  and  cell  number  was  determined  at  indicated  time  points.  Population 
doubling  was  calculated  as  In  (cell  number  at  day  n/cell  number  at  day  Qi)lln2.  Error  bars 
represent  mean  ±  s.e.m.  {n  =  3)  for  a  and  b.  <  0.01;  0.001. 
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Supplementary  Figure  2a.  Kaplan-Meier  analysis  of  the  probability  that  a  patient  from  the  295 
breast  cancer  patients  from  the  NKI  data  set  will  remain  relapse-free  or  survive  following 
therapy \  Line  graphs  showing  patient  data  stratified  according  to  lymph  node  (LN)  and  estrogen 
receptor  (ER)  status,  and  whether  or  not  they  received  adjuvant  chemotherapy  (CT).  For 
assessment  data  were  combined  irrespective  of  breast  cancer  molecular  subtype^.  In  each  group, 
the  patients  were  grouped  into  quartiles  according  to  the  level  of  N-CoR2  expression.  The 
log-rank  test  was  used  to  calculate  the  P  value. 
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NKI  data  set  (n=295)  Sorlie  data  set  (n=78) 

- 1  I - 1 


Variable 

Relapse 

Death 

Hazard  Ratio 
(95%  Cl) 

PValue 

Hazard  Ratio 
(95%  Cl) 

PValue 

N-CoR2  expression 

3.6(1. 8-7.4) 

<0.001 

4.7(2.2-10.2) 

<0.001 

Molecular  subtype 

0.118 

0.005 

Nomal-tike  and 
luminal  B  vs.  luminal 

1.8(0.6-5.0) 

0.267 

2.4(0.6-9.6) 

0.208 

Basal  &  ERBB2+  vs. 
luminal  A 

2.9(1. 0-8.3) 

0.047 

6.9(1.8-26.3) 

0.005 

Supplementary  Figure  2b.  N-CoR2  expression  and  its  prognostic  value  in  breast  cancer  is 
independent  of  molecular  subtype,  (a.)  Box  plot  graphical  depiction  of  the  level  of  N-CoR2 
transcript  in  breast  cancers  of  different  molecular  subtypes^  using  the  NKI^  or  Sorlie^  data  sets. 
The  data  contain  all  outliers.  The  P  values  were  determined  using  ANOVA.  Notably,  NCOR2 
transcript  levels  were  not  elevated  even  within  the  poor  prognostic  ERBB2+  or  basal-like  breast 
cancer  subtype  relative  to  levels  found  in  the  other  breast  cancer  subtypes,  (b.)  Table  showing 
multivariate  analysis  of  the  110  breast  cancer  patients  who  received  adjuvant  CT  in  the  NKI  data 
set  for  distant  metastasis-free  and  overall  survival  according  to  NCOR2  and  breast  cancer 
molecular  subtype.  Breast  cancer  molecular  subtype  is  based  on  nearest  centroid  classification  as 
described  by  Sorlie  et  al?.  NCOR2  transcript  expression  was  modeled  as  a  continuous  variable. 
Cl  denotes  confidence  interval.  Data  illustrate  that  NCOR2  expression  is  the  most  significant 
prognostic  predictor  (P  <  0.001)  even  when  the  different  molecular  subtypes  of  breast  cancer  are 
included  in  the  model. 
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Supplementary  Figure  2c.  Breast  tumors  with  ectopic  N-CoR2  expression  retain  viability  and 
demonstrate  apoptosis  resistance  in  vivo  following  interval  treatment  of  mice  with  paclitaxel.  (a.) 
Left,  representative  images  of  tissues  stained  for  cleaved  (activated)  caspase-3  from  the 
xenografted  tumors  of  MDA-MB-23 1  cells  expressing  N-CoR2  {bottom)  or  vector  {top) 
following  interval  treatment  with  paclitaxel  or  vehicle.  Right,  representative  images  of  tissues 
stained  for  Ki-67  from  the  xenografted  tumors  of  MDA-MB-23 1  cells  expressing  N-CoR2 
{bottom)  or  vector  {top).  Scale  bars,  100  pm.  (b.)  Bar  graphs  quantifying  the  images  shown  in  (a.) 
using  the  H-score.  Data  are  mean  ±  s.e.m.  (n  =  3  mice  per  group).  ***p<  0.001. 
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Supplementary  Figure  3.  Functional  clustering  of  the  304  N-CoR2-associated  genes.  Shown  is 
a  cartoon  of  the  enriched  functional  gene  categories  (EFGC)  associated  with  N-CoR2  in  T4-2 
multicellular  spheroids.  The  EFGC  according  to  gene  ontology  biological  processes  (GO-BP, 
yellow)  and  Swissprot  Keywords  (SPK,  blue)  are  depicted  as  squares  with  the  cross  sectional 
area  and  the  intensity  of  the  red  color  margin  representing  the  number  and  the  average  fold 
change  (absolute  value),  respectively,  of  the  genes  included  in  that  specific  category.  The  width 
of  the  lines  represent  the  number  of  shared  genes  between  the  two  connected  EFGC. 
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Supplementary  Figure  4.  Approach  used  to  map  the  N-CoR2  binding  site  within  the  TNFSFIO 
promoter,  (a)  Cartoon  showing  the  5 ’flanking  sequence  of  TRAIL  gene  with  the  putative  and 
known  c/5-acting  elements  plotted  according  to  previous  reports^"^.  The  regions  amplified  by  the 
different  primer  sets  in  the  ChIP-PCR  are  shown  below  the  promoter  cartoon.  Nucleotide 
numbering  is  referenced  to  the  transcription  start  site  (+1).  (b)  Representative  images  showing 
Chip  achieved  using  antibodies  against  GFP  and  normal  IgG  for  the  different  TNFSFIO  promoter 
regions  within  T4-2  tumor  cells  ectopically  expressing  tetracycline  (tet)  regulated,  GFP-tagged 
N-CoR2  with  (tet-)  and  without  {tet+)  induction  of  N-CoR2  expression. 
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Supplementary  table  1  Multivariate  analysis  for  distant  metastasis-free  and  overall 
survival  aeeording  to  N-CoR2  and  N-CoR2  eomplex  and  CPV  in  breast  eaneer 
patients  who  reeeived  adjuvant  CT 

Variable 

Relapse 

Death 

Hazard  Ratio 

(95%  Cl) 

P  Value 

Hazard  Ratio 

(95%  Cl) 

P  Value 

NCORl 

0.191 

0.154 

0.347 

0.422 

(0.02-1.86) 

(0.026-4.591) 

NCOR2 

5.589 

<0.001 

9.327 

<0.001 

(2.36-13.235) 

(2.975-29.237) 

HDACl 

0.743 

0.689 

0.303 

0.235 

(0.173-3.188) 

(0.042-2.174) 

HD  AC 3 

1.667 

0.538 

9.235 

0.019 

(0.327-8.495) 

(1.446-58.963) 

GPS2 

0.766 

0.767 

1.621 

0.678 

(0.131-4.471) 

(0.165-15.904) 

TBLl 

1.442 

0.56 

2.189 

0.306 

(0.422-4.929) 

(0.488-9.829) 

Age  (per  10-yr  increment) 

0.663 

0.264 

0.562 

0.19 

(0.322-1.364) 

(0.237-1.331) 

Tumor  size  (per  cm) 

1.518 

0.044 

1.798 

0.023 

(1.011-2.279) 

(1.085-2.979) 

Tumor  grade 

0.576 

0.281 

Grade  2  vs.  grade  1 

1.223 

0.739 

2.327 

0.342 

(0.375-3.986) 

(0.407-13.308) 

Grade  3  vs.  grade  1 

1.839 

0.331 

3.974 

0.119 

(0.538-6.287) 

(0.7-22.564) 

Positive  LN  status  vs. 

0.59 

0.518 

0.371 

0.276 

negative  status 

(0.119-2.923) 

(0.062-2.211) 

Positive  ER  status  vs. 

0.265 

0.055 

0.077 

0.003 

negative  status 

(0.069-1.028) 

(0.014-0.415) 

Hormonal  treatment  vs.  no 

0.48 

0.287 

0.143 

0.107 

treatment 

(0.124-1.854) 

(0.013-1.52) 

Mastectomy  vs. 

0.83 

0.648 

0.964 

0.94 

breast-conserving  therapy 

(0.374-1.845) 

(0.377-2.464) 

Molecular  subtype 

0.719 

0.383 

Normal-like  &  luminal  B 

1.398 

0.592 

3.504 

0.19 

vs.  luminal  A 

(0.41-4.764) 

(0.538-22.814) 
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Basal  &  ERBB2+ vs.  0.897  0.885  1.791  0.554 

luminal  A  (0.208-3.87)  (0.261-12.302) 

The  analysis  included  the  110  breast  cancer  patients  who  had  received  adjuvant 
systemic  CT  in  the  NKI  data  set.  Molecular  subtypes  of  breast  cancers  are  based  on 
nearest  centroid  classification  as  used  by  Sorlie  et  al.  NCORl,  NCOR2,  HDACl, 
HDAC3,  GPS2  and  TBLl  transcript  expression,  and  age  and  tumor  size  were  modeled 
as  continuous  variables.  Cl  denotes  confidence  interval. 
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Supplementary  table  2  Odds  ratio  for  NACT  non-responsiveness  stratified  according 
to  N-CoR2  or  NCOR2-116  level 


Predictor 

Group 

NR  (%) 

R(%) 

OR  (95%  Cl) 

P  value 

High 

50  (76.9) 

15  (23.1) 

2.2  (1.0-5. 1) 

0.029 

N-CoR2 

Low 

39  (60) 

26  (40) 

1 

Subgroup  B 

67  (87.0) 

10(13.0) 

9.4  (3.7-24.6) 

<0.001 

NCOR2- 

Subgroup  A 

22(41.5) 

31  (58.5) 

1 

116 

High  Sncor2 

69  (87.3) 

10(12.7) 

10.7  (4.2-28.2) 

<0.001 

Low  SnCOR2 

20  (39.2) 

31  (60.8) 

1 

The  analysis  included  the  130  patients  with  breast  cancers  who  received  NACT  from  the 
MDACC  data  set.  The  tumors  were  segregated  into  subgroups  according  to  the 
expression  level  of  N-CoR2,  unsupervised  hierarchical  clustering  based  on  NCOR2-116 
(Fig.  4d)  or  Sncori  determined  based  on  NCOR2-116  (Fig.  4e).  NR,  non-responder;  R, 
responder;  OR,  odds  ratio;  Cl,  95%  confidence  interval.  P  values  were  calculated  with 
use  of  Fisher’s  exact  test. 
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Supplementary  table  3  The  identity  of  the  64  PCD  genes  (represented  by  75  Affymetrix  probe  sets)  listed  in  Fig.  5b  and  their  predieted  role  in 
PCD.  The  genes  are  ranked  deseendingly  aeeording  to  their  respeetive  value  of  DRI.  Data  in  the  last  eolumn  indieate  whether  the  expression  of  the 
gene  is  more  TRAIL-indueible  in  either  T4-2-veetor  eontrol  eolonies  (V)  or  T4-2  eolonies  expressing  N-CoR2  (N). 


Affymetrix 

Gene 

RefSeq 

Deseription 

Role  in  PCD 

DRI  (absolute 

More  indueed 

probe  set  ID 

symbol 

Transeript  ID 

value) 

by  TRAIL 

214329_x_at 

TNFSFIO 

NM_003810 

Tumor  neerosis  faetor  (ligand)  superfamily, 

Apoptosis 

2.48 

V 

member  10 

200887_s_at 

STATl 

NM_007315 

Signal  transdueer  and  aetivator  of 

Apoptosis 

2.43 

V 

NM_139266 

transeription  1 

210511_s_at 

INHBA 

NM_002192 

Inhibin,  beta  A 

Apoptosis 

2.21 

V 

209969_s_at 

STATl 

NM_007315 

Signal  transdueer  and  aetivator  of 

Apoptosis 

2.11 

V 

NM_139266 

transeription  1 

201845_s_at 

RYBP 

NM_0 12234 

RINGl  andYYl  binding  protein 

Apoptosis 

2.09 

V 

201687_s_at 

API5 

NM_006595 

Apoptosis  inhibitor  5 

Anti-apoptosis 

2.04 

V 

201150_s_at 

T1MP3 

NM_000362 

TIMP  metallopeptidase  inhibitor  3 

Apoptosis 

2.04 

V 

202688_at 

TNFSFIO 

NM_003810 

Tumor  neerosis  faetor  (ligand)  superfamily, 

Apoptosis 

2.02 

V 

member  10 

2017  lOat 

MYBL2 

NM_002466 

v-myb  myeloblastosis  viral  oneogene 

Anti-apoptosis 

1.99 

N 

homolog  (avian)-like  2 
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202677_at 

RASAl 

NM_002890 

RAS  p2 1  protein  aetivator  1 

Regulation  of 

1.96 

V 

NM_022650 

apoptosis 

204020_at 

PURA 

NM_005859 

Purine-rieh  element  binding  protein  A 

Apoptosis 

1.89 

V 

202687_s_at 

TNFSFIO 

NM_003810 

Tumor  neerosis  faetor  (ligand)  superfamily, 

Apoptosis 

1.88 

V 

member  10 

204274_at 

EBAG9 

NM_004215 

Estrogen  reeeptor  binding  site  assoeiated, 

Apoptosis 

1.87 

V 

NM_198120 

antigen,  9 

204278_s_at 

EBAG9 

NM_004215 

Estrogen  reeeptor  binding  site  assoeiated. 

Apoptosis 

1.87 

V 

NM_198120 

antigen,  9 

201844_s_at 

RYBP 

NM_0 12234 

RINGl  andYYl  binding  protein 

Apoptosis 

1.81 

V 

201302_at 

ANXA4 

NM_001153 

Annexin  A4 

Anti-apoptosis 

1.73 

V 

219209_at 

IFIHl 

NM_022168 

Interferon  indueed  with  heliease  C  domain 

Regulation  of 

1.71 

V 

1 

apoptosis 

221478_at 

BNIP3L 

NM_004331 

BCL2/adeno virus  ElB  19kDa  interaeting 

Apoptosis 

1.71 

V 

protein  3 -like 
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207181_s_at 

CASP7 

NM_001227 

Caspase  7 

Apoptosis 

1.7 

V 

212593_s_at 

PDCD4 

NM_033338 

NM_033339 

NM_033340 

NM_014456 

Programmed  cell  death  4 

Apoptosis 

1.64 

V 

217746_s_at 

PDCD6IP 

NM_145341 

NM_013374 

Programmed  cell  death  6  interacting 

Apoptosis 

1.64 

V 

204924_at 

TLR2 

NM_003264 

protein 

Toll-like  receptor  2 

Apoptosis 

1.61 

V 

209863_s_at 

TP73L 

NM_003722 

Tumor  protein  p73-like 

Apoptosis 

1.58 

V 

202094_at 

B1RC5 

NM_00 10 12270 

Baculoviral  lAP  repeat-containing  5 

Anti-apoptosis 

1.57 

N 

212354_at 

SULFl 

NM_00 10 12271 

NM_001168 

NM_015170 

(survivin) 

Sulfatase  1 

Apoptosis 

1.54 

V 
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211368_s_at 

CASPl 

NM_001223 

NM_033292 

NM_033293 

NM_033294 

NM_033295 

Caspase  1 ,  apoptosis-related  eysteine 

peptidase  (interleukin  1,  beta,  eonvertase) 

Apoptosis 

1.52 

V 

204131_s_at 

F0X03A 

NM_001455 

NM_201559 

Forkhead  box  03  A 

Apoptosis 

1.48 

V 

202985_s_at 

BAG5 

NMOO 101 5048 

NMOO 101 5049 

NM_004873 

BCL2-assoeiated  athanogene  5 

Apoptosis 

1.46 

V 

20568  l_at 

BCL2A1 

NM_004049 

BCL2 -related  protein  A 1 

Anti-apoptosis/ 

regulation  of 

apoptosis 

1.45 

V 

201424_s_at 

CUL4A 

NM_00 1008895 

NM_003589 

Cullin  4A 

Apoptosis 

1.45 

V 

201846_s_at 

RYBP 

NM_0 12234 

RINGl  andYYl  binding  protein 

Apoptosis 

1.45 

V 

207113_s_at 

TNF 

NM_000594 

Tumor  neerosis  faetor 

Apoptosis/anti- 

1.44 

N 

apoptosis 


fsai  et  al 

210334_x_at 

BIRC5 

NM_00 10 12270 

200004_at 

EIF4G2 

NM_00 10 12271 

NM_001168 

NM_001418 

203628_at 

IGFIR 

NM_000875 

200599_s_at 

HSP90B1 

NM_003299 

202095_s_at 

BIRC5 

NM_00 10 12270 

222108_at 

AM1G02 

NM_00 10 12271 

NM_001168 

NM_181847 

217999_s_at 

PHLDAl 

NM_007350 

215037  s  at 

BCL2L1 

NM  001191 

Baculoviral  lAP  repeat-containing  5 
(survivin) 

Eukaryotic  translation  initiation  factor  4 
gamma,  2 

Insulin-like  growth  factor  1  receptor 
Heat  shock  protein  90kDa  beta  (Grp94), 
member  1 

Baculoviral  lAP  repeat-containing  5 
(survivin) 

Adhesion  molecule  with  Ig-like  domain  2 

Pleckstrin  homology-like  domain,  family 
A,  member  1 
Bcl2-like  1  (Bcl-xL) 


Anti-apoptosis 

1.44 

N 

Cell  death 

1.43 

V 

Anti-apoptosis 

1.43 

V 

Anti-apoptosis 

1.42 

V 

Anti-apoptosis 

1.38 

N 

Regulation  of 

apoptosis 

1.36 

V 

Apoptosis 

1.35 

V 

Anti-apoptosis 

1.32 

N 

NM  138578 
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213373_s_at 

CASP8 

NM_001228 

NM_033355 

NM_033356 

NM_033358 

200690_at 

HSPA9B 

NM_004134 

202693_s_at 

STK17A 

NM_004760 

210025_s_at 

CARD  10 

NM_014550 

205599_at 

TRAFl 

NM_005658 

201849_at 

BN1P3 

NM_004052 

206295_at 

IL18 

NM_001562 

200608_s_at 

RAD21 

NM_006265 

20065  8_s_at 

PHB 

NM_002634 

213026  at 

ATG12 

NM  004707 

Caspase  8,  apoptosis-related  eysteine 
peptidase 

Heat  shoek  70kDa  protein  9B  (mortalin-2) 
Serine/threonine  kinase  17a 
Caspase  reeruitment  domain  family, 
member  10 

TNF  reeeptor-assoeiated  faetor  1 

BCL2/adeno virus  ElB  19kDa  interaeting 

protein  3 

Interleukin  18 

RAD21  homolog 

Prohibitin 

ATG12  autophagy  related  12  homolog 


Apoptosis 

1.31 

V 

Anti-apoptosis 

1.3 

V 

Apoptosis 

1.28 

V 

Regulation  of 

1.25 

N 

apoptosis 

Anti-apoptosis 

1.25 

N 

Apoptosis 

1.24 

V 

Apoptosis 

1.22 

V 

Apoptosis 

1.22 

V 

Regulation  of 

1.21 

N 

apoptosis 

Autophagy 

1.2 

V 
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201637_s_at 

FXRl 

NM_00 101 3438 

Fragile  X  mental  retardation,  autosomal 

Apoptosis 

1.19 

V 

NMOO 101 3439 

homolog  1 

NM_005087 

200807_s_at 

HSPDl 

NM_002156 

Heat  shoek  60kDa  protein  1 

Regulation  of 

1.18 

V 

NM_1 99440 

apoptosis 

205263_at 

BCLIO 

NM_003921 

B-eell  CLL/lymphoma  10 

Apoptosis 

1.18 

V 

209476_at 

TXNDC 

NM_030755 

Thioredoxin  domain  eontaining 

Anti-apoptosis 

1.17 

V 

200602_at 

APP 

NM_000484 

Amyloid  beta  (A4)  preeursor  protein 

Apoptosis 

1.17 

V 

NM_201413 

NM_201414 

210118_s_at 

ILIA 

NM_000575 

Interleukin  1 ,  alpha 

Apoptosis 

1.15 

V 

217997_at 

PHLDAl 

NM_007350 

Pleekstrin  homology-like  domain,  family 

Apoptosis 

1.15 

V 

A,  member  1 

20068  l_at 

GLOl 

NM_006708 

Glyoxalase  I 

Anti-apoptosis 

1.15 

V 

212719_at 

PHLPP 

NM_1  94449 

PH  domain  and  leueine  rieh  repeat  protein 

Apoptosis 

1.14 

V 

phosphatase 
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202984_s_at 

BAGS 

NM_00 101 5048 

NMOO 101 5049 

NM_004873 

201167_x_at 

ARHGDIA 

NM_004309 

203489_at 

SIVA 

NM_006427 

NM_021709 

201084_s_at 

BCLAFl 

NM_014739 

211300_s_at 

TP53 

NM_000546 

38158_at 

ESPLl 

NM_0 12291 

211936_at 

HSPA5 

NM_005347 

202076_at 

BIRC2 

NM_001166 

20069  l_s_at 

HSPA9B 

NM_004134 

210260_s_at 

TNFA1P8 

NM_014350 

204211  X  at 

EIF2AK2 

NM  002759 

BCL2-associated  athanogene  5 

Rho  GDP  dissociation  inhibitor  (GDI) 
alpha 

CD27-binding  (Siva)  protein 

BCL2-associated  transcription  factor  1 
Tumor  protein  p53 
Extra  spindle  poles  like  1 
Heat  shock  70kDa  protein  5 
Baculoviral  lAP  repeat-containing  2 
Heat  shock  70kDa  protein  9B 
Tumor  necrosis  factor,  alpha- induced 
protein  8 

Eukaryotic  translation  initiation  factor 
2-alpha  kinase  2 


Apoptosis 

1.12 

V 

Anti-apoptosis 

1.12 

N 

Regulation  of 

1.11 

N 

apoptosis 

Apoptosis 

1.1 

None 

Apoptosis 

1.09 

None 

Apoptosis 

1.09 

N 

Anti-apoptosis 

1.08 

V 

Anti-apoptosis 

1.08 

V 

Anti-apoptosis 

1.08 

V 

Regulation  of 

1.07 

V 

apoptosis 

Apoptosis 

1.05 

V 
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214988_s_at  SON  NM_003103  SON  DNA  binding  protein  Anti-apoptosis  1.04  V 

NM_032195 
NM_058183 
NM_138925 
NM_138926 
NM  138927 


201012_at 

ANXAl 

NM_000700 

Annexin  Al 

Anti-apoptosis 

1.02 

V 

201371_s_at 

CUL3 

NM_003590 

Cullin  3 

Apoptosis 

1.01 

V 

200797_s_at 

MCLl 

NM_021960 

Myeloid  eell  leukemia  sequenee  1 

Regulation  of 

1.01 

V 

NM_1 82763 

apoptosis 

211316_x_at 

CFLAR 

NM_003879 

CASP8  and  FADD-like  apoptosis  regulator 

Regulation  of 

1.01 

V 

apoptosis 
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Supplementary  table  4  Genes  that  eontain  eonserved  IRFl  and  STATl  binding  sites  in 


the  N-CoR2-associated  PCD  genes  listed  in  Fig.  5b 

Gene 

Entrez 

RefSeq 

Description 

Binding  sites' 

symbol 

gene  ID 

Transcript  ID 

TNFSFIO 

8743 

NM_003810 

tumor  neerosis  faetor 

IRFl^ 

superfamily,  member  10 

STATl 

6772 

NM_007315 

signal  transdueer  and 

IRFl^ 

NM_139266 

aetivator  of  transeription  1 

INHBA 

3624 

NM_002192 

inhibin,  beta  A 

IRFl 

RYBP 

23429 

NM_0 12234 

RINGl  and  YYl  binding 

IRFl 

protein 

TIMP3 

7078 

NM_000362 

TIMP  metallopeptidase 

IRFl 

inhibitor  3 

RASAl 

5921 

NM_002890 

RAS  p21  protein  aetivator  1 

IRFl,  STATl 

NM_022650 

PURA 

5813 

NM_005859 

purine-rieh  element  binding 

IRFl,  STATl 

protein  A 

IFIHl 

64135 

NM_022168 

interferon  indueed  with 

IRFl,  STATl 

heliease  C  domain  1 

PDCD4 

27250 

NM_014456 

programmed  eell  death  4 

IRFl 

NM_145341 

TP73L 

8626 

NM_003722 

tumor  protein  p73-like 

IRFl,  STATl 

SULFl 

23213 

NM  015170 

sulfatase  1 

IRFl 
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CASPl 

834 

NM_001223 

easpase  1,  apoptosis-related 

IRFl"^ 

NM_033292 

eysteine  peptidase 

NM_033293 

(interleukin  1,  beta, 

NM_033294 

eonvertase) 

NM_033295 

F0X03A 

2309 

NM_001455 

forkhead  box  03  A 

IRFl 

NM_201559 

IGFIR 

3480 

NM_000875 

insulin-like  growth  faetor  1 

IRFl,  STATl 

reeeptor 

CASP8 

841 

NM_001228 

easpase  8,  apoptosis-related 

IRFl^’® 

NM_033355 

eysteine  peptidase 

NM_033356 

NM_033358 

CARD  10 

29775 

NM_014550 

easpase  reeruitment  domain 

STATl 

family,  member  10 

TRAFl 

7185 

NM_005658 

TNF  reeeptor-assoeiated 

IRFl 

faetor  1 

III  8 

3606 

NM_001562 

interleukin  18 

IRFl 

RAD21 

5885 

NM_006265 

RAD21  homolog 

IRFl 

ATG12 

9140 

NM_004707 

ATG12  autophagy  related 

IRFl 

12  homolog 

APP 

351 

NM_000484 

amyloid  beta  (A4)  preeursor 

IRFl,  STATl 

NM_201413 

protein 

NM_201414 

PHLPP 

23239 

NM_1 94449 

PH  domain  and  leueine  rieh 

IRFl,  STATl 

repeat  protein  phosphatase 
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BCLAFl 

9774 

NM_014739 

BCL2-associated 

transcription  factor  1 

IRFl 

TP53 

7157 

NM_000546 

tumor  protein  p53 

STATl 

ESPLl 

9700 

NM_0 12291 

extra  spindle  poles  like  1 

IRFl,  STATl 

BIRC2 

329 

NM_001166 

baculoviral  lAP 

repeat-containing  2 

IRFl 

TNFAIP8 

25816 

NM_014350 

tumor  necrosis  factor, 

alpha-induced  protein  8 

IRFl,  STATl 

EIF2AK2 

5610 

NM_002759 

eukaryotic  translation 

initiation  factor  2-alpha 

kinase  2 

IRFl,  STATl 

SON 

6651 

NM_003103 

SON  DNA  binding  protein 

IRFl 

NM_032195 

NM_058183 

NM_138925 

NM_138926 

NM_138927 

CUL3  8452  NM_003590  cullin  3  IRFl 

^Conserved  IRFl  and  STATl  binding  sites  detected  by  oPOSSUM.  A  total  of  54  genes  from 
the  original  64  PCD  genes  were  analyzed,  amongst  which  24  contain  conserved  IRFl 
binding  sites  and  12  have  conserved  STATl  binding  sites  identified  at  their  promoter 
regions. 

^Clarke,  N.,  Jimenez-Lara,  A.  M.,  Voltz,  E.  &  Gronemeyer,  H.  Tumor  suppressor  IRF-1 
mediates  retinoid  and  interferon  anticancer  signaling  to  death  ligand  TRAIL.  EMBO  J.  23, 
3051-3060  (2004). 

^Wong,  L.  H.  et  al.  Isolation  and  characterization  of  a  human  STATl  gene  regulatory 
element.  J.  Biol.  Chem.  Ill,  19408-19417  (2002). 

''iwase,  S.  et  al.  Defective  binding  of  IRFs  to  the  initiator  element  of 

interleukin- ip-converting  enzyme  (ICE)  promoter  in  an  interferon-resistant  Daudi  subline. 

FEBS  Lett.  450,  263-267  (1999). 
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^Ruiz-Ruiz,  C.,  de  Almodovar,  C.  R.,  Rodriguez,  A.,  Ortiz-Ferron,  G,  Redondo,  J.  M.  & 
Lopez-Rivas,  A.  The  up-regulation  of  human  easpases-8  by  interferon-y  in  breast  tumor 
eells  requires  the  induetion  and  aetion  of  the  transeription  faetor  inferno  regulatory  faetor-1. 
J.  Biol  Chem.  279,  19712-19720  (2004). 

^Caseiano,  1.  et  al  Expression  of  the  easpases-8  gene  in  neuroblastoma  eells  is  regulated 
through  an  essential  interferon-sensitive  response  element  (ISRE).  Cell  Death  Differ.  11, 
131-134  (2004). 
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SUPPLEMENTARY  METHODS 

CHEMICALS  AND  ANTIBODIES 

The  caspase-3,  6  and  8  inhibitors  DEVD-CHO  and  Ac-IETD-CHO  (Biomol)  were  used  at  1  \iM 
in  DMSO.  The  histone  deacetylase  inhibitor  trichostatin  A  (Upstate)  was  used  at  100-500  nM  in 
DMSO  and  suberoylanilide  hydroxamic  acid  (SAHA)  was  at  1-5  pM  in  DMSO  (Merck  Research 
Laboratories).  The  methylase  inhibitor,  5-Aza-2’-deoxycytidine  (ADC;  Sigma-Aldrich)  was  used 
at  0.5  pM  and  dissolved  in  DMSO.  The  chemotherapy  agent  paclitaxel  (Sigma-Aldrich)  was 
used  at  10-40  pM  in  ddHiO  and  doxorubicin  (Calbiochem)  was  at  5  mM  in  PBS.  For 
immunoblotting  and/or  immunostaining  experiments,  we  used  rabbit  polyclonals: 
anti-acetyl-histone  H4,  and  anti-trimethyl-histone  H3  (Lys9)  (Millipore),  anti-MeCP2  (Affinity 
BioReagents),  anti-cleaved  caspases-3  (Cell  Signaling),  anti-IRF-1  (H-205),  anti-histone-H2B 
(FL-126),  anti-HDAC3  (H-99),  and  anti-mouse- SMRTe  (H-300;  Santa  Cruz)  as  well  as 
anti-lamin  B1  (Abeam).  We  also  used  the  rat  monoclonals  (mAbs)  anti-a6  integrin  (NKI-GoH3), 
rabbit  mAb  anti-actetyl  (Lys27)-histone  H3  (D2W;  Millipore),  anti-acetyl  (Lys5)-histone  H4 
(EPIOOOY),  anti-caspase-3  (active)  (E83-77)  and  anti-acetyl  (Lys9)-histone  H3  (Y28) 
(Epitomics),  and  anti-HPla  (C7F11)  and  anti-trimethyl-histone  H3  (Lys  27)  (C36B11,  Cell 
Signaling)  as  well  as  the  mouse  mAbs  anti-GPS2  (3C4;  Abnova),  anti-P-tubulin  (5H1;  BD 
Transduction  Laboratories),  and  anti-Ki-67  (7B11,  Invitrogen).  For  IP  and  ChIP  experiments,  we 
used  mouse  mAb  anti-GFP  (7.1  &  13.1,  Roche  Applied  Science),  rabbit  polyclonal  anti-SMRTe 
(Millipore)  and  anti-CBP  (A-22;  Santa  Cruz).  The  hybridoma  cell  line  producing  the  monoclonal 
anti-N-CoR2  (gift  from  M.  A.  Lazar,  University  of  Pennsylvania)  was  described  previously^. 


CELL  CULTURE  AND  DEATH  ASSAYS 


Tsai  et  al. 


Cell  culture 

The  HMT-3522  nonmalignant  S-1  and  tumorigenic  T4-2  MECs  lines  were  propagated  as 
monolayers  on  tissue  culture  plastic  or  culture  dishes  coated  with  a  layer  of  1:100  Matrigel 
diluted  in  PBS  in  chemically  defined  medium  as  previously  described^.  MECs  were  embedded 
and  grown  for  12  days  to  form  3D  structures  within  rBM  (Matrigel,  BD  Biosciences). 
MDA-MB-231  and  HEK293  cells  were  grown  as  monolayers  on  tissue  culture  plastic  in  DMEM 
supplemented  with  10%  fetal  bovine  serum  and  antibiotics. 

Induction  and  analysis  of  cell  death 

Cell  death  was  initiated  either  by  treatment  with  recombinant,  purified  human  TRAIL  peptide 
(Biomol)  or  various  chemotherapeutic  agents  or  by  inducing  DNA  damage  by  exposure  to 
gamma  irradiation  using  a  Mark  I  Cesium  137  irradiator  (JL  Shepherd  &  Associates).  Cell  death 
was  determined  by  quantifying  percent  active  caspase  3  by  indirect  immunofluorescence  (Cell 
Signaling)  or  counting  the  nuclei  of  dead  cells  using  the  CYTOX-orange  or  CYTOX-blue  dyes 
(Invitrogen)  and  normalizing  dead  cells  to  total  cell  number  estimated  by  counterstaining  nuclei 
with  the  cell  permeable  dye  Hoechst  33342  (Invitrogen)^.  In  select  experiments,  cells 
constitutively  expressing  human  nuclear  histone  H2B-GFP  or  H2B-mRFP  fusion  protein  were 
used  to  estimate  the  number  of  cells  present  in  the  3D  organoids.  Clonogenic  survival  was 
assessed  in  3D  rBM  cultures  by  monitoring  spheroid  outgrowth  and  measuring  the  size  of 
colonies  formed  by  single  seeded  cells  exposed  to  IR  as  a  function  of  time  (9  Gy;  four  weeks 
incubation). 

GENE  EXPRESSION  MANIPULATIONS 

N-CoR2  or  HDAC3  knockdown  was  achieved  by  retro  viral-mediated  RNAi  using 
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oligonucleotide  sequences  previously  described^.  The  oligonucleotides  specifying  the  small 
hairpin  RNAs  (shRNAs)  were  sub-cloned  from  pSilencer-Hl  into  pLZRS-MFG-CMV-Neo-U6,  a 
recombinant  self-inactivating  retroviral  vector  constructed  from  the  backbone  of  an  MFG 
provirus  that  directs  the  expression  of  shRNA  under  the  control  of  the  U6  promoter^^’^\  Stable 
knockdown  of  TRAIL  was  achieved  by  the  pRetroSuper-puro  system  (OligoEngine)  using 
oligonucleotide  sequences  previously  described^^.  The  retroviral  construct  used  for  inducible 
expression  of  HA-  and  EGFP-epitope  tagged  N-CoR2  was  prepared  by  subcloning  murine 
NCOR2  cDNA  (e  isoform,  NCBI  RefSeq  #NM_0 11424)  from  pCMX-FLAG-NCOR2  (gift  from 
M.  A.  Lazar,  University  of  Pennsylvania)^^  into  pBluescriptll  KS+  (Stratagene)  to  facilitate  the 
addition  of  the  N-terminal  HA-epitope  tag,  which  was  then  recloned  into  a  modified  hybrid 
Epstein-Barr  virus/retro  viral  vector  pLZRS-MFG-^e^EGFP  that  contains  a  tetracycline  regulated 
promoter  that  allows  stable  multicopy  episomal  replication  in  the  retroviral  packaging  lines^"^’^^ 
to  generate  the  final  expression  construct  pLZRS-MFG-^e^HA-EGFP-NCOR2.  The  mutant 
N-CoR2  (K449A)  was  constructed  using  the  QuickChange  Site-Directed  Mutagenesis  kit 
(Stratagene)  using  pMFG-^e^HA-EGFP-NCOR2  as  template.  The  retroviral  vector  encoding  the 
human  histone  H2B-GFP,  pCLNR-H2BG  (gift  from  G  M.  Wahl,  Salk  Institute),  has  been 
described  previously^^.  The  retroviral  expression  construct  for  the  histone  H2B-monomeric  red 
fluorescence  protein  (mRFP)  fusion  protein  was  generated  by  fusing  the  genes  encoding  mRFP 
and  human  histone  H2B  by  PCR  amplification  and  subcloning  from  pcDNA3.1-mRFP  (Addgene) 
and  pCLNR-H2BG  into  the  pMXs-IRES-blasticidin  retroviral  vector  (Cell  Biolabs). 
Amphotropic  retrovirus  was  produced  in  modified  293  cells  or  in  Phoenix  ampho  cells  (G.  Nolan, 
Stanford  University)  with  packaging  vectors  pCgp  and  pVSVG  to  boost  viral  titer.  Cells  were 
spin  infected  with  retrovirus  carrying  wild-type  or  mutant  N-CoR2,  followed  by  infection  with  a 
high  titer  MFG  virus  expressing  the  tetracycline-controlled  transcriptional  transactivator 


Tsai  et  al. 


produced  in  the  packaging  cell  line  293GPG  as  described^^.  To  obtain  a  polyclonal  population  of 
cells  in  which  the  majority  of  cells  can  competently  induce  N-CoR2  or  mutant  N-CoR2 
expression  cells  were  expanded  in  the  presence  of  tetracycline  (1  g/mL)  and  wild  type  or 
mutant  N-CoR2  expression  was  induced  by  withdrawal  of  tetracycline  (2-4  days),  followed  by 
FAC  sorting  for  GFP  positive  cells.  Sorted  cells  were  thereafter  expanded  in  the  presence  of 
tetracycline.  The  tetracycline-regulated  expression  of  N-CoR2  or  its  mutant  was  thereafter 
activated  2-3  days  prior  to  cell  manipulation  to  maintain  high  transgene  expression  in  the 
population.  Cells  expressing  the  various  shRNA  constructs  were  generated  using  a  similar 
protocol.  Level  of  gene  expression  and/or  knockdown  was  verified  by  real-time  PCR  (RT-PCR) 
and  confirmed  through  immunoblot  analysis.  The  IRF-1  expression  vector,  pcDNA3-IRF-l,  was 
a  kind  gift  from  J.  Park,  Sungkyunkwan  University,  Seoul,  Korea^^.  Transient  transfection 
experiments  were  performed  using  Lipofectamine  2000  (Invitrogen). 

ANIMAL  EXPERIMENTS  AND  IMMUNOHISTOCHEMISTRY  STUDIES 
Xenograft  breast  tumorigenesis  models  and  paclitaxel  treatment 

The  retroviral  vector  encoding  GFP  or  GFP-tagged  N-CoR2  and  firefly  luciferase, 
pSFP-GFP-FFLuc  (gift  from  R.J.  Brentjens,  Memorial  Sloan  Kettering  Cancer  Center)^^  were 
transduced  into  MDA-MB-231  cells  and  the  GFP-positive  cells  were  sorted  by  FACS.  Cells  (2  x 
10^  cells  in  100  11:1  mixture  of  Matrigel  and  HBSS)  were  inoculated  into  the  mammary  fat 

pads  of  8-week-old  female  NOD/SCID  mice  (National  Laboratory  Animal  Center,  Taiwan).  Ten 
days  post  inoculation  when  tumor  bulk  was  similar  between  the  two  groups  (similar 
bioluminescence  imaging  (BLI)  intensity  and  palpable  tumors),  mice  were  given  intraperitoneal 
injections  of  paclitaxel  (20  mg/kg)  or  vehicle  (15%  ethanol  in  0.9%  NaCl)  every  week  for  six 
consecutive  weeks.  Tumor  mass  was  assessed  by  BLI  weekly  before  each  treatment.  The 
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antitumor  effect  of  paclitaxel  was  evaluated  using  the  T/C  value  (%),  where  T  is  the  relative 
tumor  bulk  of  the  treated  group  and  C  the  relative  tumor  bulk  of  the  control  group^^.  The  relative 
tumor  bulk  was  determined  by  calculating  the  ratio  of  the  bioluminescence  signal  intensity  of  the 
tumor  at  a  given  time  and  that  of  the  initial  tumor  size  {i.e.  at  time  of  treatment  initiation).  The 
protocols  for  animal  care  and  experiments  were  approved  by  the  Institutional  Animal  Care  and 
Use  Committee  (lACUC)  of  National  Health  Research  Institutes,  Taiwan. 

Immunohistochemistry  of  human  specimens. 

TMA  of  breast  cancer  was  obtained  from  US  Biomax,  Inc.,  code  BR804.  TMA  sections  were 
deparaffinized,  hydrated,  immersed  in  citrate  buffer  at  pH  6.0  for  epitope  retrieval  in  a 
microwave.  Endogenous  peroxidase  activity  was  quenched  in  3%  hydrogen  peroxidase  for  15 
minutes,  and  slides  were  then  incubated  with  10%  normal  horse  serum  to  block  nonspecific 
immunoreactivity.  The  indicated  antibody  was  subsequently  applied  and  detected  by  using  the 
DAKO  Envision  kit  (DAKO).  For  negative  controls,  the  primary  antibody  was  replaced  by  the 
citrate  buffer.  All  the  immunohistochemical  and  TMA  staining  were  evaluated  by  the  same 
pathologist  and  the  nuclear  and  cytoplasmic  staining  patterns  of  N-CoR2  were  quantified  using 
the  histological  score  (H-score)^\ 

Bioluminescence  imaging  (BLI) 

BLI  was  performed  by  using  the  I  VIS  Imaging  System  (Xenogen).  Mice  were  anesthetized  with 
2%  isofiurane  and  injected  intraperitoneally  with  150  mg/kg  D-luciferin  (Xenogen)  6  min  before 
image  acquisition.  Tumor  bulk  was  determined  by  measuring  the  photon  flux  from  a  region  of 
interest  drawn  around  the  bioluminescence  signal  using  Live  Imaging  Software  (Xenogen) 
according  to  the  manufacturer’s  recommendations. 
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RNA  AND  PROTEIN  BIOCHEMISTRY  EXPERIMENTS 
RNA  extraction  and  quantitative  RT-PCR  analysis 

Total  RNA  was  extracted  by  a  modified  TRI  reagent  procedure  as  described^^  and  purified  using 
the  RNeasy  Mini  Kit  (Qiagen)  and  total  RNA  (1.0  pg)  was  used  as  a  template  for  cDNA 
synthesis  using  MMLV  reverse  transcriptase  (Promega).  cDNA  (100  ng)  was  used  as  template 
for  PCR  amplification  using  the  LightCycler  FastStart  DNA  MASTER^^^^  SYBR  Green  I  Kit 
and  the  LightCycler  System  (Roche)  according  to  the  manufacturer’s  instructions. 
Oligonucleotide  primers  were  designed  using  LightCycler  Probe  Design  Software  2.0  (Roche)  or 
Primer  Bank  (http://pga.mgh.harvard.edu/primerbank/index.html)  and  the  sequences  are 
available  upon  request.  Transcript  expression  was  quantified  by  normalizing  the  gene  of  interest 
copy  number  (per  pL)  to  absolute  levels  of  an  endogenous,  stably  expressed  reference  gene, 
ribosomal  protein  LI 3a  {RPLlSAf^ . 

Immunoblot  Analysis 

For  immunoblot  protein  analysis  Laemmli  lysate  containing  protease  and  phosphatase  inhibitors 
was  prepared  from  cells  grown  as  monolayer  or  from  colonies  isolated  from  3D  rBM  using 
ice-cold  PBS/EDTA  as  previously  described^^’^^.  Total  and  soluble  TRAIL  protein  levels  (pg/mL) 
were  determined  using  the  human  TRAIL  ELISA  Kit  (Biomol)  standardized  to  total  cell  protein 
extract  (mg/mL),  according  to  the  supplier’s  instructions. 

HD  AC  activity  assay 

HEK  293  cells  were  retrovirally  infected  with  retroviral  constructs  inducibly  expressing  myc 
tagged  N-CoR2,  N-CoR2  (K449A)  or  a  control  EGFP  construct 
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(pLZRS-MFG-^eMnyc(4)-EGFP-N-CoR2,  pLZRS-MFG-^eMnyc(4)-EGFP-N-CoR2  (K449A)  or 
pLZRS-MFG-^e^myc(4)-EGFP).  Myc  tagged  protein  expression  was  induced  through 
doxycycline  treatment  (1  pg/mL;  16  hours)  and  nuclear  protein  extracts  were  prepared  as 
described  previously^^.  Briefly,  cells  were  scraped  and  collected  in  PBS  on  ice.  Cells  were 
swollen  in  a  hypotonic  buffer  (10  mM  HEPES  pH  7.9,  1.5  mM  MgCli,  10  mM  KCl,  1  mM 
EGTA,  0.5  mM  DTT,  0.2  mM  PMSF,  0.1%  NP40)  and  homogenized  on  ice.  Nuclei  were 
separated  via  centrifugation  and  treated  with  high  salt  buffer  (20  mM  HEPES,  1.5  mM  MgCli, 
1.2  M  KCl,  0.2  mM  EDTA,  1  mM  EGTA,  0.5  mM  DTT,  0.2  mM  PMSF,  0.1%  NP40)  and  600  pg 
of  nuclear  extract  was  pre  incubated  with  50  pL  of  equilibrated  in  diluent  buffer  (15  mM  HEPES 
pH  7.9,  1  mM  MgCl2,  0.2  mM  EDTA,  150  mM  KCl,  20%  glycerol,  0.5  mM  DTT,  0.2  mM 
PMSF)  protein  G  agarose  beads  (Invitrogen)  for  1  hour  at  4°C.  Nuclear  lysate  was  transferred 
and  incubated  (4°C;  3  hours)  with  50  pL  of  equilibrated  protein  G  agarose  beads  (Invitrogen) 
and  5  pg  of  purifled  hybridoma  mouse  anti-myc  antibody.  Beads  were  washed  three  times  with 
wash  buffer  (diluent  buffer  with  0.5  M  KCl)  and  once  with  dilutent.  Washed  conjugated  beads 
were  used  in  the  Fluor  de  Lys  Assay  System  (Biomol)  per  kit  instructions  to  determine  HD  AC 
activity  associated  with  the  immunoprecipitation.  Fluorescence  was  determined  using  a  Spectra 
Max  M5  flourimetric  plate  reader  (Molecular  Devices). 

Chromatin  immunoprecipitation  (ChIP)  and  reporter  assays 

Chip  experiments  were  carried  out  using  primers  speciflc  for  the  different  segments  of  the 
TRAIL  promoter,  as  described  previously^’^^.  The  primers  used  in  Supplementary  Fig.  4b 
included:  primer  set  A:  5’-TGTGATGGGGTTAATATTTTGGA  and 

5’-GCTACTGTGAGGGTGGGAAG;  primer  set  B:  5’-CTTCCCACCCTCACAGTAGC  and  5’- 
CACTCACCTCAAGCCCATTTCTC;  primer  set  C:  5’-  AATGGGCTTGAGGTGAGTGCAGAT 
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and  5’-  ATGAGTTGTTTTTCTGGGTTCTGT;  primer  set  D: 

5’-AGTTTCCCTCCTTTCCAACG  and  5’-CACTGAAGCCCTTCCTTCTCT.  The  putative 
cA-acting  elements  and  upstream  regulatory  regions  on  the  5’  flanking  sequence  of  the  TRAIL 
gene  have  been  reported  previously^'^.  For  each  ChIP  assay,  the  samples  were 
immunoprecipitated  using  5  g/ml  of  the  selected  antibody  or  equivalent  concentrations  of 
normal  rabbit  IgG  Approximately  2-5  pi  of  ChIP-enriched  chromatins  was  subjected  to  a 
standard  ChIP-PCR  and  the  enrichment  of  specific  genomic  regions  was  assessed  relative  to 
either  control  IgG  or  the  control  cells.  Each  ChIP  experiment  was  repeated  at  least  in  triplicate. 
The  IRF-1  luciferase  reporter  vector  pTL-Luc-IRFl  was  purchased  from  Panomics.  Reporter 
assays  were  conducted  in  HEK293  cells  by  transient  transfection,  as  previously  described^. 

MICRO  ARRAY  EXPERIMENTS 

Total  RNA  for  microarray  analysis  of  genes  differentially  expressed  between  MECs  grown  as  2D 
monolayers  and  those  grown  as  3D  acini  was  extracted  from  triplicate  samples  and  from  3 
independent  culture  preparations  using  the  modified  TRI  reagent  procedure^^  and  RNA  was 
purified  using  an  RNeasy  Mini  Kit  (Qiagen).  For  transcript  profiling  of  N-CoR2  regulated  genes, 
transformed  T4-2  MECs  expressing  vector  ("V")  or  wild  type  N-CoR2  ("N")  and  those  treated 
with  TRAIL  (1  pg/mL;  4  hours;  "VT"  versus  "NT")  or  vehicle,  total  RNA  was  extracted  in 
duplicate  from  the  6  day  MEC  cultures  of  each  of  the  4  experimental  groups.  To  prevent 
apoptosis  induction  MEC  cultures  were  pretreated  with  initiator  and  executioner  caspase 
inhibitors  at  least  2  hours  before  stimulation  and  inhibition  was  maintained  throughout  the 
duration  of  TRAIL  treatment  {i.e.  4  hours). 

Gene  expression  analysis  was  performed  on  an  Affymetrix  Human  Genome  U133A  2.0 
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GeneChip  platform  containing  22,283  probes  according  to  the  manufacturer’s  protocol 
(Affymetrix).  Biotinylated  cRNA  was  produced  from  total  RNA  (20  g)  from  each  sample. 
After  hybridization,  washing  and  staining,  arrays  were  scanned  using  a  confocal  scanner 
(Affymetrix).  The  hybridization  intensity  data  was  processed  using  the  GeneChip  Operating 
software  (Affymetrix).  Affymetrix  .cel  files  (probe  intensity  files)  were  processed  with 
ArrayAssist  Lite  (v3.4,  Stratagene).  The  files  were  imported  and  processed  with  the  GC-RMA 
algorithm  to  yield  probe  set  intensities  and  additionally,  Affymetrix  Preset,  Absent,  Marginal 
flags  were  computed.  These  values  were  exported  in  .chp  files,  which  were  subsequently 
imported  into  the  Partek  Genomics  Suite  software  (v6.2,  Partek).  The  genes  were  filtered  based 
on  the  Affymetrix  P/A/M  flags  to  retain  only  those  genes  that  were  present  in  at  least  2  of  the  16 
samples.  From  the  22,283  probe  sets,  12,656  (representing  8,255  genes)  were  included  for 
further  analysis.  The  gene  expression  data  have  been  deposited  in  NCBIs  Gene  Expression 
Omnibus  (GEO,  http://www.ncbi.nlm.nih.gov/geo/)  and  are  accessible  through  GEO  Series 
accession  number  GSE8346. 

BIOINFORMATICS  AND  STATISTICAL  ANALYSIS 
Bioinformatics  and  statistical  analysis 

To  select  genes  that  were  differentially  induced  or  repressed  in  response  to  N-CoR2  and 
following  exposure  to  TRAIL,  the  GC-RMA  expression  values  of  all  the  16  transcriptomes  were 
log2  transformed  and  a  two  way  ANOVA  was  calculated,  yielding  3  P  values  for  each  gene. 
These  included  one  that  reflects  whether  or  not  the  gene’s  expression  is  significantly  different 
before  and  after  N-CoR2  expression,  with  and  without  TRAIL  treatment,  and  whether 
differential  expression  of  the  gene  in  response  to  TRAIL  depends  upon  the  presence  or  absence 
of  N-CoR.  Additional  pair  wise  contrasts  were  performed  for  each  of  the  4  paired  conditions. 
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yielding  both  P  values  and  fold  changes  between  the  mean  expression  values  of  the  different 
conditions.  The  difference  between  TRAIL-induced  changes  in  the  level  of  gene  expression 
between  T4-2-N-CoR2  cells  and  T4-2-vector  cells  was  measured  by  using  the  equation  “log2 
(NT/N)  -  log2(VT/V)”,  which  was  designated  as  a  differential  response  index  {DRI).  A  filtering 
criterion  {P  <  0.05  by  two-way  ANOVA,  DRI  >  1.0  or  <  -1.0)  was  used  to  select  genes  that  were 
differentially  responsive  to  TRAIL  compared  between  T4-2-N-CoR2  and  the  vector  control  cells. 

The  differentially  expressed  genes  in  the  304-gene  N-CoR2-associated  gene  set  (represented  by 
350  Affymetrix  probe  sets)  or  those  in  the  NCOR-1620  gene  set  were  functionally  annotated 
using  a  comprehensive  functional  annotation  bioinformatics  microarray  analysis  tool  DAVID 
(http://david.abcc.ncifcrfgov/)  and  the  results  were  further  processed  and  displayed  using  an 
interactive  gene  set  analysis  interface  HotGene  (http://www.hotgene.net/)  (HotGene  Informatics). 
Briefly,  the  genes  were  uploaded  to  DAVID  and  a  ranked  list  of  functional  annotations  was 
executed  and  generated  by  the  system.  Functional  annotations  were  then  selected  according  to 
Gene  Ontology  Biological  Processes  (GO-BP)  and  SwissProt  Keywords  (SPK)  with  P- value  less 
than  0.05.  For  GO-BP  annotations,  the  level  five  from  the  root  of  the  Gene  Ontology  Tree  was 
retained  as  a  default  setting  while  the  level  of  the  Gene  Ontology  annotations  was  adjusted 
dynamically.  The  GO  Redundancy  Filter  (GORF)  function  was  additionally  applied  in  the 
HotGene  Annotation  Relation  Enrichment  Analysis  (AREA)  interface  to  the  resultant  GO-BP 
annotations  by  tracing  back  the  Gene  Ontology  Tree  and  verifying  whether  the  two  functional 
terms  shared  the  same  root  among  the  Gene  Ontology  annotation  tree.  If  the  two  terms  shared  the 
same  terms  and  the  genes  shared  by  the  two  functional  annotations  are  greater  than  80%,  these 
two  functional  annotations  were  considered  redundant  and  were  therefore  removed.  After 
removing  redundant  GO-BP  terms  using  GORF,  the  top  five  or  six  functional  annotations  of  each 
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category  were  selected  and  genes  shared  by  any  two  of  the  selected  annotations  were  indentified 
which  enabled  the  construction  of  a  network  provided  the  best  informative  distribution  and 
association  amongst  the  most  enriched  functional  annotations.  In  the  HotGene  AREA  interface  as 
shown  in  Fig.  5a  and  Supplementary  Fig.  3,  the  selected  functional  categories  according  to 
GO-BP  and  SKP  are  represented  by  blue  and  yellow  square  nodes,  respectively.  The  size  of  the 
nodes  indicates  the  number  of  genes  within  the  corresponding  functional  categories  and  the 
border  color  of  each  functional  category  node  represents  the  average  fold  changes  (absolute 
values)  amongst  the  genes  residing  in  each  of  the  corresponding  functional  categories.  The  line 
segments  connecting  any  two  nodes  indicates  the  extent  to  which  the  same  genes  are  shared  by 
the  two  functional  categories  with  the  thickness  and  the  color  of  the  line  segments  representing 
the  percentage  of  shared  genes  and  the  average  fold  changes  (absolute  values)  of  the  shared 
genes,  respectively. 

The  enriched  transcriptional  factor  binding  sites  in  the  promoter  regions  of  genes  in  the 
N-CoR2-associated  gene  sets  were  searched  using  oPOSSUM 
(http://www.cisreg.ca/cgi-bin/oPOSSUM/opossum).  Over-represented  binding  sites  were 
determined  by  Z-score  and  the  one-tailed  Fisher  exact  probability  test.  The  oPOSSUM  algorithm 
identified  several  transcription  factors  that  interact  with  and  are  modulated  by  N-CoR2, 
including  the  homeobox  factor  Pbx,  the  ETS  family  protein  ELK-1,  the  activating  protein- 1 
(AP-1)  member  c-FOS,  serum  response  factor  (SRF),  the  nuclear  factor-xB  (NFkB)  family 
members  p65,  p50,  and  c-Rel,  in  the  N-CoR2  regulated  gene  list^^"^^. 

To  analyze  the  transcriptional  regulation  amongst  the  64  PCD  genes  identified  from  the 
NCOR2-1620  gene  set  (Fig.  4c),  the  enriched  transcription  factors  (TFs)  from  these  PCD  genes 


Tsai  et  al. 


was  interrogated  using  TRANSFEC  (http://www.gene-regulation.com/pub/databases.html)  and 
oPOSSUM  and  the  association  between  the  enriched  TFs  and  their  target  genes  (TGs)  was 
displayed  using  HotGene  (http://www.hotgene.net/)  (HotGene  Informatics).  Briefly,  the  enriched 
TFs  were  sorted  by  their  Fisher  scores  and  the  top  enriched  transciption  factors  and  their 
respective  TGs  were  selected.  In  the  HotGene  TFTG  Association  Network  interface  as  shown  in 
Fig.  5c,  the  square  nodes  represent  the  enriched  TFs  and  the  circle  nodes  indicate  the  TGs  of  the 
corresponding  TFs  with  the  association  between  TFs  and  TGs  indicated  by  grey  arrows.  For  each 
TF  the  top  5  TGs  that  showed  the  highest  fold  changes  in  gene  expression  following  treatment 
with  TRAIL  are  displayed.  Similar  to  the  HotGene  AREA  interface  the  size  of  the  TF  square 
node  indicates  the  number  of  TGs  and  the  border  color  of  each  square  node  represents  the 
average  fold  change  in  gene  expression  in  the  corresponding  TGs  following  TRAIL  treatment. 

Data  mining  of  the  gene  expression  profiles  of  tumors  and  clinical  cancer  specimens 

The  tumor  transcriptome  data  and  associated  clinicopathological  variables  (CP Vs)  and  tumor 
molecular  subtypes  of  the  295  breast  cancer  patients  in  the  Netherlands  Cancer  Institute  (NKI) 
data  set  has  been  reported  previously  and  was  downloaded  from  the  publically  accessible  website 
(http://www.rii. com/publications/2002/nejm.html)\  We  searched  the  probe  hybridization  ratio  of 
N-CoR2  {NCOR2)  and  HDAC3  (HDAC3)  and  chose  the  probe  set  that  displayed  the  highest 
hybridization  intensity  for  NCOR2  (IMAGE:80772)  to  complete  our  analysis.  The  patients  were 
stratified  according  to  their  local  lymph  node  (LN)  or  estrogen  receptor  (ER)  status,  whether  or 
not  they  received  adjuvant  chemotherapy  (CT)  as  well  as  the  molecular  subtype  of  the  breast 
cancer.  The  patients  were  further  grouped  into  quartiles  based  on  the  relative  (untransformed) 
expression  levels  of  NCOR2  or  HD  AC 3  present  in  the  respective  data  sets.  The  probability  of 
remaining  relapse-free  or  showing  reduced  overall  rate  of  survival  was  computed  using  the 
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method  of  Kaplan  and  Meier.  The  curves  were  plotted  and  compared  using  the  log-rank  test  with 
the  software  packages  SPSS  10.0  (SPSS)  and  GraphPad  Prism  5.02  (GraphPad  Software).  The 
log-rank  test  was  used  to  calculate  the  P  values. 

Multivariate  analyses  with  Cox’s  proportional-hazards  regression  were  performed  on  the 
expression  level  of  NCOR2  and/or  HD  AC 3  and  the  CP  Vs  and  molecular  subtypes  of  breast 
cancer  as  provided  in  the  NKI  data  set.  Statistical  analyses  were  performed  using  SPSS  10.0 
(SPSS). 

Gene  expression  profiles  of  the  pretreatment  breast  cancer  tissues  from  the  133  breast  cancer 
patients  who  received  neoadjuvant  combination  chemotherapy  (NACT)  with  paclitaxel  and 
fluorouracil-doxombicin-cyclophosphamide  (T/FAC)  (L.  Pusztai,  University  of  Texas  M.D. 
Anderson  Cancer  Center  (MDACC),  Houston,  TX)  were  downloaded  from  the  website 
(http://bioinformatics.mdanderson.org/pubdata.html)^^.  For  the  expression  levels  of  NCOR2,  the 
Affymetrix  probe  set  207760_s_at  that  displayed  the  highest  hybridization  intensity  was  used  for 
the  analysis.  We  considered  those  patients  who  did  not  have  residual  cancer  cells  in  the  breast  by 
pathological  examination  following  NACT  as  demonstrating  a  clinically  beneficial  response  (i.e., 
“responders”)  and  those  in  which  residual  cancer  cells  were  identified  in  the  breast  as 
“non-responders”.  Three  patients  without  available  information  on  the  post-treatment  breast 
pathological  data  from  the  original  data  set  were  excluded,  which  left  a  total  of  130  cases  for  the 
final  analysis. 

The  transcript  levels  of  NCOR2  in  the  pretreated  breast  cancer  tissues  of  24  breast  cancer 
patients  who  received  NACT  with  docetaxel  were  downloaded  from  NCBI’s  Gene  Expression 
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Omnibus  (accession  number  GSE6434)^'^.  The  two  Affymetrix  probe  sets  {31709 _at  and 
39359 _s_ai)  that  represent  NCOR2  displayed  similar  expression  patterns  across  the  samples  and 
one  of  these  {31 709_at)  was  depicted  in  Fig.  4a. 

Gene  expression  profiles  of  the  pretreated  breast  cancer  tissues  from  the  82  breast  cancer  patients 
who  received  NACT  with  epirubicin  and  cyclophosphamide  were  provided  by  Siemens 
Healthcare  Diagnostics  Products  GmbH^^.  The  Affymetrix  probe  set  207760_s_at  that  displayed 
the  highest  hybridization  intensity  for  NCOR2  was  used  for  the  analysis.  We  considered  the 
patients  with  pathologically  defined  complete  absence  of  invasive  carcinoma  in  the  breast 
following  NACT  as  “responders”  and  those  who  displayed  only  partial  response  or  no  response 
as  “nonresponders”  of  NACT. 

Hierarchical  clustering  analysis  and  construction  of  Sncori 

The  304  N-CoR2-associated  genes,  as  represented  by  350  Affymetrix  probe  sets,  were  identified 
from  the  microarray  experiments  as  described  above,  based  upon  whether  their  level  of 
expression  (on  a  log2  base)  was  significantly  different  as  determined  (fold  change  >  2  and  a 
cutoff  P-value  <  0.05  by  Student’s  t  test)  between  tumors  expressing  exogenous  N-CoR2  or 
vector.  The  expression  levels  of  the  304  genes  between  the  responders  and  nonresponders  in  the 
MDACC  data  set  using  the  Student’s  t  test  was  then  used  to  identify  a  list  of  116  Affymetrix 
probe  sets  representing  107  genes  {P  <  0.05;  designated  as  ‘‘NCOR2-116'').  These  genes  were 
then  median-centered  and  average  linkage  clustering  (ALC)  was  conducted  using  the  Cluster  and 
TreeView  software^^  and  the  130  breast  tumors  in  the  MDACC  data  set  were  segregated  into  two 
predominant  classes  based  on  the  first  bifurcation  in  the  dendrogram  (Fig.  4d). 
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To  test  whether  the  107  N-CoR2-associated  genes  could  robustly  segregate  breast  tumors 
according  to  their  chemotherapy  responsiveness  the  NKI  data  set  was  interrogated.  A  list  of  63 
genes,  designated  as  “NCOR2-63'\  that  correspond  to  the  107  N-CoR2-associated  genes  was 
identified.  Using  the  method  of  Kaplan  and  Meier  the  same  analytical  procedure  was  used  to 
segregate  the  110  breast  tumors  from  the  patients  who  received  adjuvant  chemotherapy  into  two 
major  response  subgroups  (Fig.  4g)  and  to  assess  the  probability  of  these  patients  remaining 
relapse-free  or  showing  changes  in  the  rate  of  their  overall  survival  (Fig.  4h). 

To  determine  whether  the  N-CoR2-associated  gene  expression  profile  derived  from  the  T4-2  3D 
organoid  culture  experiments  reflected  a  similar  functional  behavior  in  human  breast  tumors  the 
average  expression  levels  (on  a  log2  scale)  of  the  gene  probes  in  NCOR2-116  in  T4-2-N-CoR2 
cells,  the  vector  control  cells  and  the  130  breast  tumors  in  the  MDACC  data  set  were  normalized 
and  median-centered.  The  degree  of  resemblance  between  the  expression  profiles  of  the  gene 
probes  in  NCOR2-116  in  the  130  breast  tumors  and  those  represented  in  the  T4-2  N-CoR2  cells 
and  vector  control  cells  were  measured  using  Pearson’s  correlation  coefficient  to  yield  rjqcoRi  and 
^vector,  respectively.  Tumors  with  greater  vncori  than  r^ector  were  considered  as  exhibiting  a  higher 
transcriptional  activity  that  was  associated  with  N-CoR2  and  a  “NCOR2-related  transcription 
similarity  score”  or  “Sncor2''  was  used  to  represent  the  difference  between  rNcoR2  and  ryector, 
Sncor2  ^  J^NCOR2  "  ^vector  (Equation  1) 
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Breast  cancer  1,  early  onset  (BRCAl)  expression  is  often  reduced  in  sporadic  breast  tumors,  even  in  the  absence  of 
BRCAl  genetic  modifications,  but  the  molecular  basis  for  this  is  unknown.  In  this  study,  we  identified  homeobox 
A9  {HOXA9)  as  a  gene  frequently  downregulated  in  human  breast  cancers  and  tumor  cell  Unes  and  noted  that 
reduced  HOXA9  transcript  levels  associated  with  tumor  aggression,  metastasis,  and  patient  mortality.  Experi¬ 
ments  revealed  that  loss  of  HOXA9  promoted  mammary  epitheUal  cell  growth  and  survival  and  perturbed  tissue 
morphogenesis.  Restoring  HOXA9  expression  repressed  growth  and  survival  and  inhibited  the  maUgnant  phe¬ 
notype  of  breast  cancer  cells  in  culture  and  in  a  xenograft  mouse  model.  Molecular  studies  showed  that  HOXA9 
restricted  breast  tumor  behavior  by  directly  modulating  the  expression  of  BRCAl .  Indeed,  ectopic  expression  of 
wild- type  BRCAl  phenocopied  the  tumor  suppressor  function  of  HOXA9,  and  reducing  BRCAl  levels  or  func¬ 
tion  inhibited  the  antitumor  activity  of  HOXA9.  Consistendy,  HOXA9  expression  correlated  with  BRCAl  in  clini¬ 
cal  specimens  and  with  tumor  aggression  in  patients  lacking  estrogen  receptor/progesterone  receptor  expres¬ 
sion  in  their  breast  tissue.  These  findings  indicate  that  HOXA9  restricts  breast  tumor  aggression  by  modulating 
expression  of  the  tumor  suppressor  gene  BRCAl  ^  which  we  beUeve  provides  an  explanation  for  the  loss  of  BRCAl 
expression  in  sporadic  breast  tumors  in  the  absence  of  BRCAl  genetic  modifications. 


Introduction 

Developmental  regulators  that  specify  tissue  morphogenesis  are 
often  functionally  subverted  in  adult  tissues  to  promote  cancer 
(1, 2).  In  particular,  the  homeobox  (HOX)  gene  family  of  morpho- 
genic  regulators  is  critical  for  the  establishment  of  embryonic  pat¬ 
terning  during  embryogenesis  and  for  the  maintenance  of  tissue 
differentiation  in  the  adult  organism  (3).  HOX  genes  are  transcrip¬ 
tion  factors  that  regulate  the  expression  of  multiple  genes  that 
influence  cell  growth  and  viability  and  that  mediate  stromal-epi¬ 
thelial  interactions  to  drive  tissue-specific  differentiation  (2).  HOX 
expression  is  frequently  perturbed  in  tumors  (3),  in  which  they  can 
act  as  oncogenes  by  promoting  cell  growth  and  invasion  (4, 5)  or  as 
tumor  suppressors  (TSs),  because  they  can  alter  cell  survival  and 
morphogenesis  (6-9).  HOX  genes  are  especially  important  in  the 
mammary  gland,  which  undergoes  repeated  rounds  of  develop¬ 
mental  cycles  in  the  adult  organism  (10,  11).  In  the  breast,  HOX 
genes  have  been  implicated  in  the  control  of  embryonic  develop¬ 
ment,  branching  morphogenesis,  and  hormonally  controlled 
differentiation  (10,  12),  and  HOX  genes  are  frequently  lost  or 
overexpressed  in  breast  tumors  (12).  Nevertheless,  the  molecular 
mechanisms  whereby  HOX  genes  regulate  mammary  development 
and  might  modulate  breast  cancer  remain  poorly  defined. 
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Women  with  hereditary  mutations  in  BRCAl  are  predisposed  to 
develop  breast  and  ovarian  cancers  (13).  BRCAl  maintains  genome 
integrity  through  its  ubiquitin  ligase  activity  (14)  and  regulates 
transcription  to  modulate  the  cellular  stress  response  (15,  16). 
BRCAl  has  an  established  role  as  a  regulator  of  mammary  epithe¬ 
lial  cell  (MEC)  growth,  survival,  morphogenesis,  and  transforma¬ 
tion  (17-20).  Moreover,  loss  of  BRCAl  expression  and/or  function 
is  associated  with  increased  breast  tumor  aggression,  enhanced 
cancer  metastasis,  and  a  poor  clinical  prognosis  (21).  There  is 
also  a  clinical  association  between  familial  BRCAl  tumors  and 
an  aggressive,  triple-negative,  basal-like  breast  cancer  phenotype 
(22).  Interestingly,  many  sporadic  breast  cancers  show  decreased 
BRCAl  expression  and  display  a  “BRCAl -like”  phenotype,  despite 
the  absence  of  genetic  deletions,  methylation,  or  haploinsufficiency 
(23,  24).  The  molecular  mechanisms  leading  to  reduced  BRCAl 
expression  and/or  function  in  this  group  of  aggressive,  sporadic 
breast  cancers  remain  unclear  (20,  25).  Studies  designed  to  elu¬ 
cidate  molecular  modifiers  of  BRCAl  have  identified  negative 
regulators,  which  in  some  cases  are  overexpressed  during  breast 
tumorigenesis  (26-29,  30,  31).  Conversely,  the  identification  of 
transcription  factors  that  positively  and  directly  regulate  BRCAl 
expression  and  whose  expression  might  be  concurrently  lost  dur¬ 
ing  malignant  transformation  has  proven  elusive. 

BRCAl  expression  and  MEC  proliferation  are  functionally 
linked,  suggesting  BRCAl  could  regulate  mammary  gland  devel¬ 
opment  and  homeostasis  and  inhibit  tumorigenesis  by  restricting 
MEC  growth  (32-34).  BRCAl  also  modulates  mammary  gland 
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Figure  1 

Breast  malignancy  is  associated  with  reduced  HOXA9  expression.  (A)  Cluster  diagram  of  Affymetrix  microarray  data  using  Rosetta  Resolver 
to  compare  gene  expression  profiles  of  matched  normal  mammary  tissue  and  adjacent  primary  breast  cancers,  revealing  significantly  lower 
HOXA9  transcript  levels  in  4  out  of  5  expression  sets  analyzed  (P  <  0.01).  (B)  Levels  of  HOXA9  mRNA  (by  quantitative  RT-PCR)  in  primary 
human  mammary  tumors  (n  =  47)  compared  with  normal  breast  tissue  (n  =  16).  ****P  =  0.00035.  (C)  In  situ  hybridization  using  a  HOXA9  probe 
on  nonmalignant  (n  =  4)  or  malignant  (n  =  6)  mammary  epithelial  tissue.  Scale  bar:  100  ^im.  (D)  Immunofluorescent  staining  for  HOXA9  (red)  and 
nuclei  (blue)  demonstrates  robust  cytoplasmic  and  nuclear  localized  HOXA9  protein  in  the  epithelium  of  nonmalignant  human  breast  tissue  and 
reduced  levels  in  breast  tumors.  Top  right  insets  (original  magnification,  x20)  show  a  broader  view  of  the  breast  tissue,  with  arrows  indicating 
regions  blown  up  in  the  main  images.  The  arrow  in  the  center  main  image  corresponds  with  the  bottom  left  inset,  which  shows  a  view  of  HOXA9 
staining  (original  magnification,  x30).  Scale  bar:  50  mm.  The  2°  control  shows  no  nonspecific  staining.  (E)  Breast  cancer  patients  whose  tumors 
expressed  the  lowest  HOXA9  level  (lowest  expression  quartile;  red  line)  experienced  significantly  reduced  disease-free  survival  compared  with 
all  other  patients  in  the  study  (blue  line).  An  “X”  is  used  to  denote  each  censored  sample.  P  =  0.025.  (F)  Patients  with  the  lowest  HOXA9  levels 
in  their  tumors  (lowest  expression  quartile;  red  line)  also  had  significantly  increased  metastasis  as  a  first  event  when  compared  with  all  other 
patients  (blue  line).  An  “X”  is  used  to  denote  each  censored  sample.  P  =  0.02.  (G)  Bar  graph  demonstrating  relative  HOXA9  gene  expression 
levels  in  nonmalignant  and  malignant  MEC  lines. 
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Table  1 

Multivariate  analysis  for  relapse-free  and  overall  survival,  comparing  transcript  expression  and  clinical  characteristics 
in  breast  cancer  patients 


Variable 

Death 

Hazard  ratio  (95%  Cl) 

Pvalue 

Relapse 

Hazard  ratio  (95%  Cl) 

Pvalue 

ER  positive 

H0XA9 

1.185  (0.91-1.541) 

0.208 

1.227  (1.045-1.439) 

0.012 

Age  (per  10-yr  increment) 

0.615  (0.341-1.109) 

0.106 

0.527  (0.331-0.842) 

0.007 

Tumor  size  (per  cm) 

1.174  (0.832-1.658) 

0.361 

1.177  (0.896-1.546) 

0.242 

Tumor  grade 

Grade  2  vs.  grade  1 

3.38  (1.123-10.172) 

0.03 

2.185  (1.075-4.445) 

0.031 

Grade  3  vs.  grade  1 

6.215  (2.063-18.718) 

0.001 

3.254  (1.559-6.792) 

0.002 

Positive  vs.  negative  LN  status 

2.366  (0.995-5.628) 

0.051 

2.061  (1.011-4.201) 

0.046 

Chemotherapy  vs.  no  chemotherapy 

0.341  (0.137-0.844) 

0.02 

0.385  (0.185-0.802) 

0.011 

Hormonai  treatment  vs.  no  treatment 

0.753  (0.239-2.373) 

0.628 

0.662  (0.265-1.656) 

0.378 

Mastectomy  vs.  breast-conserving  therapy 

1.283  (0.678-2.428) 

0.444 

1.377  (0.821-2.312) 

0.225 

Moiecuiar  subtype 

Normai-iike  and  iuminai  B  vs.  iuminai  A 

1.734  (0.804-3.74) 

0.161 

1.516  (0.843-2.726) 

0.165 

Basai  and  ERBB2+  vs.  iuminai  A 

2.309  (0.883-6.043) 

0.088 

1.608  (0.754-3.432) 

0.219 

ER  negative 

H0XA9 

0.394  (0.181-0.857) 

0.019 

0.433  (0.187-1.002) 

0.05 

Age  (per  10-yr  increment) 

0.59  (0.338-1.027) 

0.062 

0.552  (0.314-0.973) 

0.04 

Tumor  size  (per  cm) 

1.58  (1.037-2.409) 

0.033 

1.49  (0.958-2.319) 

0.077 

Tumor  grade  (pooriy  vs.  weii  differentiated) 

0.923  (0.365-2.331) 

0.865 

1.053  (0.382-2.902) 

0.921 

Positive  vs.  negative  LN  status 

0.64  (0.209-1.954) 

0.433 

0.566  (0.196-1.631) 

0.291 

Chemotherapy  vs.  no  chemotherapy 

1.596  (0.513-4.962) 

0.419 

1.53  (0.54-4.335) 

0.423 

Hormonai  treatment  vs.  no  treatment 

0.423  (0.083-2.154) 

0.3 

0.436  (0.089-2.149) 

0.308 

Mastectomy  vs.  breast-conserving  therapy 

2.1  (0.926-4.759) 

0.076 

2.187  (0.925-5.171) 

0.075 

The  analysis  included  the  226  ER-positive  and  the  69  ER-negative  breast  cancer  patients  in  the  Netherlands  Cancer  Institute  data  set.  HOXA9  transcript 
expression,  age,  and  tumor  size  were  modeled  as  continuous  variables.  The  molecular  subtypes  of  breast  cancer  are  not  included  in  the  model  for  the 
ER-negative  cancers,  as  none  of  the  tumors  is  categorized  as  the  luminal  A  subtype,  plus  there  is  no  event  of  death  or  relapse  for  tumors  categorized  as 
the  normal-like  or  luminal  B  subtype.  Statistically  significant  P  values  are  shown  in  bold. 


differentiation,  and  BRCAl  expression  is  repressed  following 
reconstituted  basement  membrane-induced  (rBM-induced)  aci¬ 
nar  morphogenesis  (19,  33-36).  BRCAl  expression  increases  dur¬ 
ing  embryonic  mammary  gland  development  and  spikes  prior  to 
acquisition  of  acini  polarity  and  pregnancy-associated  lactation, 
consistent  with  the  idea  that  BRCAl  expression  is  functionally 
linked  to  breast  tissue  differentiation  (27,  32,  37,  38).  If  true, 
BRCAl  could  restrict  MEC  growth  and  survival  and  regulate 
genome  integrity  by  cooperating  with  molecules  such  as  homeo- 
box  genes,  which  regulate  tissue  differentiation. 

We  identified  HOXA9,  a  homeobox  gene  previously  implicated 
in  breast  tissue  differentiation  (39),  as  a  gene  whose  levels  were 
reduced  in  breast  tumors  and  whose  reexpression  promoted  breast 
tumor  morphogenesis.  Although,  paradoxically,  HOXA9  has  been 
characterized  as  a  leukemic  oncogene  (4)  and  angiogenesis  pro¬ 
moter  (40),  HOXA9  also  plays  an  important  role  in  skeletal  (41), 
urogenital  tract  (42),  kidney  (43),  and  mammary  gland  develop¬ 
ment  (39),  and  HOXA9  expression  can  be  regulated  by  micro RNAs 
that  have  been  implicated  in  tissue  differentiation  (44).  We  found 
that  HOXA9  promotes  breast  tumor  cell  differentiation  and  inhib¬ 
its  cancer  progression  by  directly  regulating  expression  of  the  TS 
gene  BRCAl.  Because  HOXA9  is  frequently  methylated  in  breast 
tumors,  the  findings  offer  an  alternate  explanation  for  why  BRCAl 


expression  is  frequently  lost  in  sporadic  human  breast  tumors, 
even  in  the  absence  of  genetic  modification  (45).  They  further  sug¬ 
gest  that  homeobox  genes  could  regulate  tissue  development  and 
restrict  tumorigenesis  by  modulating  TS  genes. 

Results 

Breast  malignancy  is  associated  with  reduced  HOXA9  expression.  Expres¬ 
sion  profiling  is  a  useful  tool  to  identify  gene  expression  signatures 
associated  with  patient  prognosis  (46,  47),  treatment  responsive¬ 
ness  (48-50),  and  risk  of  tumor  metastasis  (46,  51-53).  However, 
because  sporadic  mammary  tumors  likely  arise  through  input 
from  multiple  cooperating  yet  poorly  penetrating  genetic,  epigen¬ 
etic,  and  microenvironmental  factors,  gene  profiling  has  proven 
more  challenging  when  applied  to  identify  breast  TSs  (54,  55). 
Therefore,  to  increase  the  probability  of  identifying  a  low  abun¬ 
dance  breast  TS  gene  using  this  approach,  we  selected  5  paired 
sets  of  tumor  tissue  with  similar  phenotype.  Our  objective  was  to 
discover  genes  that  have  lost  expression  in  the  tumor  tissues  when 
compared  with  their  patient-matched  “normal”  tissue.  Because  of 
the  compelling  link  between  developmental  regulators  and  tumor 
aggression,  we  focused  on  identifying  misexpressed  developmen¬ 
tal  regulators  (1,  56,  57).  Moreover,  given  the  paucity  of  informa¬ 
tion  on  basal-like  tumors  and  their  recognized  aggressive  nature 
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Figure  2 

H0XA9  modulates  the  growth  and  survival  of  breast  cancer  cells. 
(A)  Semiquantitative  PCR  gel,  indicating  HOXA9  mRNA  levels 
expressed  in  human  nonmalignant  (MCF10A),  metastatic  (MDA-231), 
and  transformed  (T4-2)  MECs.  18S  rRNA  was  used  as  a  control.  (B) 
Semiquantitative  PCR  gel  showing  transgenic  HOXA9  mRNA  levels  in 
MDA-231  and  T4-2  cell  lines.  Immunofluorescence  images  of  nuclei 
(blue)  and  FLAG-tagged  HOXA9  (red)  in  MDA-231  and  T4-2  cells. 
Arrows  indicate  localization  of  Flag-tagged  HOXA9-positive  cells. 
Scale  bar:  10  ^im.  (C)  Proliferation  in  MDA  231  and  T4-2  cells  following 
HOXA9  reexpression.  **P  =  0.0025,  ***P  =  0.0003.  (D)  Cross-sectional 
area  of  MDA-231  and  T4-2  breast  tumor  colonies  in  rBM  expressing 
either  the  vector  or  HOXA9  transgene.  ****P  =  0.0001 ,  **P  =  0.0068. 
(E)  Immunofluorescence  images  of  (34  integrin  (red),  Laminin-5  (red), 
(3-catenin  (red),  and  nuclei  (blue)  in  T4-2  colonies  expressing  the  vec¬ 
tor  or  HOXA9  or  phenotypically  reverted  acini  (anti-EGFR)  by  inhibiting 
EGFR  activity  using  tyrphostin.  Arrows  indicate  cleared  lumen.  Scale 
bar:  10  ^im.  (F)  Lumens  observed  in  rBM-generated  T4-2  colonies 
expressing  the  vector,  HOXA9,  or  anti-EGFR  phenotypically  reverted 
acini.  *P  =  0.01 88,  **P  =  0.0076.  (G)  The  percentage  of  tumor  colonies 
greater  than  30  ^im  in  diameter,  and  phase  contrast  images  of  tumor  col¬ 
onies  embedded  within  soft  agar.  Scale  bar:  50  ^im  (top  panel);  20  ^im 
(bottom  panel).  *P  =  0.0221,  **P  =  0.018,  ***P  =  0.0005.  (H)  High- 
and  low-magnification  phase  images  of  H&E-stained  tissue  sections 
of  control  tumor  (T4-2  vector)  and  HOXA9  reexpressing  tumor  (T4-2 
HOXA9)  xenografts.  Vascularized  regions  of  T4-2  control  tumors  are 
indicated  with  white  arrows,  and  cystic  regions  of  T4-2  HoxA9  reex¬ 
pressing  tumors  are  indicate  with  black  arrows.  Original  magnification, 
x40;  xIO  (insets).  Scale  bar:  100  ^im. 


in  younger  patients,  we  chose  samples  from  individuals  whose 
ages  ranged  from  44  to  54  years  and  whose  tumors  were  at  least 
1.5  cm  in  diameter  (Supplemental  Table  1;  supplemental  mate¬ 
rial  available  online  with  this  article;  doi:10.1172/JCI39534DSl), 
estrogen  receptor/progesterone  receptor  (ER/PR)  negative,  and  of 
uniformly  high  nuclear  and  histological  grade. 

Analysis  of  gene  expression,  using  Rosetta  Resolver  2D  agglom- 
erative  clustering,  showed  significant  differential  expression,  when 
comparing  normal  adjacent  and  invasive  tumor  tissue  and  identi¬ 
fied  40  transcripts  whose  expression  was  elevated  in  the  tumors  and 
115  transcripts  with  reduced  gene  expression  (P  <  0.01;  Figure  lA 
and  Supplemental  Table  2).  Among  the  genes  with  reduced  expres¬ 
sion  were  2  developmental  HOX  genes:  HOXA4  (mean  3.1-fold 
reduction)  and  HOXA9  (mean  4.4-fold  reduction).  Findings  from 
the  hoxa9-hoxh9-hoxd9  triple  knockout  mouse  suggest  that  HoxA9 
regulates  mammary  gland  differentiation  (39),  leukemia  studies 
implicate  HoxA9  in  oncogenesis  (4),  and  in  a  small  cohort  of  breast 
cancer  patient  samples  HoxA9  was  silenced  via  methylation  (45); 
therefore,  we  selected  HoxA9  for  further  study. 

Quantitative  RT-PCR  verified  that  HOXA9  mRNA  levels  were 
significantly  reduced  in  the  normal  compared  with  tumor- 
matched  clinical  samples  (M.A.  Unger,  unpublished  observa¬ 
tions)  and  that  HOXA9  levels  were  significantly  reduced  (~75%) 
in  an  expanded  clinical  cohort  of  ER/PR-positive  and  -nega¬ 
tive,  invasive,  primary  ductal  breast  carcinomas  {n  =  47),  when 
compared  with  levels  of  transcript  expressed  in  normal  human 
breast  (n=  16;  Figure  IB  and  Supplemental  Figure  1).  In  situ  and 
immunohistochemical  analysis  confirmed  that  HOXA9  mRNA 
and  HOXA9  protein  were  expressed  in  the  normal  breast  epithe¬ 
lium  and  that  levels  were  greatly  reduced  in  mammary  tumors 
(Figure  1,  C  and  D).  To  explore  the  clinical  relationship  between 
HOXA9  levels  and  breast  cancer  clinical  histopathology,  we  used 


the  Oncomine  Cancer  Profiling  Database  (http://www.onco- 
mine.org)  to  survey  a  large  number  of  breast  cancers  from  mul¬ 
tiple  independent  studies.  We  found  that  low  levels  of  HOXA9 
expression  correlate  with  features  of  aggressive  disease,  such 
as  large-  or  high-grade  tumors,  late-stage  disease,  lymph  node 
involvement,  and  distant  metastasis  (Supplemental  Table  3). 
This  approach  not  only  validated  our  original  observation  that 
HOXA9  levels  were  reduced  in  breast  cancers  when  compared 
with  normal  breast  tissue,  but  they  also  indicated  that  reduced 
HOXA9  levels  more  significantly  associate  with  tumor  aggres¬ 
sion  in  ER/PR-negative  tumors. 

To  follow-up  on  this  intriguing  observation,  we  next  analyzed 
publicly  available  gene  expression  data  sets  to  look  for  potential 
associations  between  HOXA9  and  breast  cancer  patient  clini¬ 
cal  outcome.  First,  we  assessed  the  relationship  between  HOXA9 
mRNA  levels  and  relapse-free  survival  in  2  patient  data  sets  that 
included  a  cohort  of  227  patients,  with  available  clinical  follow¬ 
up  information,  and  a  second  independent  set  of  data  from  295 
patients  (47,  58).  We  found  that  those  patients  whose  tumors 
expressed  the  lowest  HOXA9  levels  (lowest  quartile)  experienced  a 
significantly  reduced  relapse-free  survival,  regardless  of  ER/PR  sta¬ 
tus  (P  =  0.025;  Figure  IE).  To  determine  whether  low  HOXA9  lev¬ 
els  could  predict  distant  metastasis,  we  also  assessed  the  data  sets 
from  patients  with  early-stage  breast  cancer,  all  of  whom  had  no 
evidence  of  distant  metastasis  at  the  time  of  tumor  collection,  for 
a  relationship  between  tumor  aggression  and  HOXA9  levels  (47). 
Upon  examination,  we  noted  that  the  group  of  patients  whose  pri¬ 
mary  tumors  expressed  HOXA9  in  the  lowest  quartile  developed 
significantly  more  distant  metastasis  as  a  first  adverse  event,  when 
compared  with  all  other  patients  in  the  study  (P  =  0.02;  Figure  IF). 
A  multivariate  Cox  proportional-hazards  analysis  revealed  that 
HOXA9  significantly  predicts  death  or  disease  relapse,  indepen¬ 
dent  of  standard  clinicopathological  variables  of  breast  cancers 
in  ER-negative  tumors  (Table  1).  In  contrast,  the  correlation 
between  HOXA9  expression  levels  and  clinical  outcomes  was  less 
prominent  in  ER-positive  tumors  (Table  1).  These  data  show  that 
HOXA9  is  significantly  downregulated  in  breast  cancer  and  that 
its  loss  correlates  with  increased  disease  aggression. 

HOXA9  modulates  the  growth  and  survival  of  breast  cancer  cells.  To 
explore  the  functional  relevance  of  HOXA9  loss  to  breast  cancer, 
we  examined  the  effect  of  HOXA9  reexpression  on  tumor  cell 
growth,  survival,  and  tissue  differentiation.  We  observed  that 
HOXA9  mRNA  was  abundant  in  the  MCFIOA  nonmalignant 
human  MFC  line  (Figure  IG  and  Figure  2A),  reduced  in  the  nonin- 
vasive,  ER-positive  breast  cancer  cell  lines  T47-D  and  MCF-7  (Fig¬ 
ure  IG),  and  virtually  nondetectable  in  the  ER-negative,  basal-like 
breast  cancer  cell  lines  MDA-MB-231  (MDA-231)  and  HMT-3522 
T4-2  (T4-2)  (Figure  IG  and  Figure  2A)  (59).  We  then  created  mul¬ 
tiple  pooled  clonal  populations  of  MDA-231  and  T4-2  breast  can¬ 
cer  cells  expressing  either  HA-  or  FLAG-tagged  wild-type  HOXA9. 
Transgene  expression  was  confirmed  at  the  mRNA  and  protein 


Table  2 

Physical  attributes  of  excised  breast  tumor  cell  xenografts 


Xenograft  description 

Ceii  mass  (mg) 

Lesion 

Cystic 

T4-2  vector 

186±46.7A 

10/10A 

0/10 

T4-2  H0XA9 

82  ±32.3 

2/10 

2/10 

AP  <  0.05. 
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Figure  3 

H0XA9  regulates  BRCA1  expression.  (A)  Semiquantitative  PCR  gel,  indicating  increased  BRCA1  expression  with  the  reexpression  of  HOXA9 
in  MDA-231  cells.  (B)  Bar  graph  quantifying  immunoblot  data  from  multiple  experiments,  showing  increased  BRCA1  protein  in  MDA-231  or  T4-2 
breast  tumor  cells  reexpressing  HOXA9.  *P  =  0.0457,  **P  =  0.0028.  (C)  Representative  gel  of  ChIP  studies  in  breast  cancer  cells,  revealing 
coprecipitation  of  HOXA9  with  the  BRCA1  promoter  and  acetylated  acetyl-H3-histone  with  the  (3-globin  promoter.  (D)  Bar  graphs  quantifying 
Chip  experiments  in  MDA-231  (n  =  2)  and  T4-2  cells  (*P  =  0.0178;  n  =  4).  (E)  Luciferase  reporter  analysis,  showing  a  dose-dependent  increase 
in  BRCA1  promoter  activity  in  response  to  addition  of  wild-type  HOXA9.  **P  =  0.001 .  (F)  Luciferase  reporter  analysis,  displaying  loss  of  BRCA1 
promoter  activity  upon  addition  of  HOXA9  containing  an  N255T  (DNA  BM)  mutation  in  the  conserved  DNA  binding  domain.  *P  =  0.03  (G) 
Luciferase  reporter  analysis,  indicating  enhanced  HOXA9-mediated  BRCA1  promoter  activity  upon  addition  of  PBX1  cofactor  (2  ^ig),  compared 
with  Pbxl  alone  or  Pbxl  cotransfected  with  a  shRNA  reducing  HOXA9  expression.  *P  =  0.0259.  (H)  Luciferase  reporter  analysis,  showing  a 
diminished  responsiveness  of  a  BRCA1  promoter  construct  containing  a  deletion  in  residues  -223  to  +44,  which  contains  3  putative  Hox  bind¬ 
ing  sites  (gray  bar).  Data  are  normalized  to  matched  vector  control  (black  bars).  Negative  numbers  refer  to  basepairs  upstream  of  the  BRCA1 
transcription  start  site.  **P  =  0.02. 


level  (Figure  2B  and  Supplemental  Figure  2),  and  the  expressed 
protein  was  found  to  localize  in  both  the  nucleus  and  cytoplasm  of 
the  infected  cells  (Figure  2B;  see  white  arrows),  in  a  manner  similar 
to  endogenous  HOXA9  protein  expression  (Figure  1,  C  and  D). 
For  easy  visualization  and  manipulation,  the  HOXA9  transgene 
was  expressed  bi-cistronically  with  EGFP  under  the  control  of  a 
tetracycline-repressible  promoter  (Supplemental  Figure  3). 

Although  HOXA9  reexpression  had  only  a  marginal  effect  on 
breast  tumor  cell  growth  when  the  cells  were  propagated  on  tis¬ 
sue  culture  plastic  (Supplemental  Figure  4),  we  noted  that  upon 
embedment  within  rBM,  both  MDA-231  and  T4-2  breast  cancer 
cells  reexpressing  HOXA9  grew  much  slower  than  their  respective 
vector-only  controls,  as  quantified  by  significantly  reduced  Ki-67 
levels  (Figure  2C),  and  both  cell  lines  had  a  decreased  colony  size 


at  day  10  (Figure  2D).  In  fact,  reexpression  of  HOXA9  reverted  the 
malignant  phenotype  of  both  of  the  tumor  cell  lines  toward  that 
of  a  smaller,  more  uniform,  less  invasive,  and  more  cohesive  non- 
malignant  colony,  similar  to  that  reported  previously  when  epi¬ 
dermal  growth  factor  receptor  signaling  was  inhibited  in  these  cell 
lines  (Figure  2E;  see  white  arrows)  (60,  61).  HOXA9  reexpression 
had  a  particularly  pronounced  effect  on  the  tissue  morphology  of 
the  T4-2  rBM  colonies,  such  that  the  HOXA9-reexpressing  tumor 
colonies  reassembled  adherens  junctions,  as  indicated  by  a  relocal¬ 
ization  of  |3-catenin  to  sites  of  cell-cell  interaction,  and  acquired 
apical-basal  polarity,  as  revealed  by  basal  relocalization  of  (a6)|34 
integrin  and  deposition  of  an  endogenous  laminin-5  BM  around 
the  periphery  of  the  acini  (Figure  2E  and  Supplemental  Figure  5). 
We  also  noted  that  HOXA9  reexpression  exerted  a  substantial 
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effect  on  cell  viability,  as  revealed  by  the  appearance  of  lumens 
within  the  acini  (Figure  2,  E  and  F).  Soft  agar  assays  confirmed 
that  HOXA9  but  not  HOXAIO  reexpression,  another  member  of 
the  HOXA  cluster  (2),  influenced  tumor  cell  survival,  as  shown  by 
a  significant  inhibition  of  anchorage-independent  growth  and  sur¬ 
vival  in  both  the  HMT-3522  T4-2  and  MDA-MB-231  tumor  cells 
(Figure  2G,  Supplemental  Figure  6,  and  Supplemental  Figure  7). 

To  address  the  functional  relevance  of  our  cell  culture  observa¬ 
tions  to  breast  cancer  in  vivo,  we  conducted  xenograft  studies  using 
BalbC  nu/nu  mice.  T4-2  breast  cancer  cells  reexpressing  HOXA9 
(to  levels  comparable  to  that  detected  in  the  nonmalignant  HMT- 
3522  S-1  MFCs;  data  not  shown)  failed  to  grow  and  survive  when 
injected  into  the  rear  flanks  of  the  BalbC  nu/nu  mice  (Figure  2H 
and  Table  2).  Thus,  while  vector  control  T4-2  MFCs  grew  continu¬ 
ously  and  rapidly  to  form  large,  highly  angiogenic  tumors  that 
were  densely  populated  with  actively  dividing  cancer  cells  (10  out 
of  10  lesions),  the  lesions  formed  by  the  T4-2  MFCs  expressing 
HOXA9  either  completely  regressed  within  56  days  (8  out  of  10 
lesions)  or  were  highly  cystic,  avascular,  and  fib ro tic  (2  out  of  10 
lesions)  (Figure  2H  and  Table  2).  These  data  in  conjunction  with 
our  in  vitro  data  suggest  that  HOXA9  restricts  tumorigenic  behav¬ 
ior  of  breast  cancer  cells  by  inhibiting  cell  growth,  survival,  and 
invasion  and  by  promoting  tissue  morphogenesis. 

HOXA9  directly  regulates  BRCAl  expression.  Hox  genes  are  tran¬ 
scriptional  regulators  that  exert  their  effect  on  cell  and  tissue  phe¬ 
notype  indirectly  by  modulating  gene  expression  (2).  To  identify 
putative  HOXA9  targets  critical  for  breast  tumor  suppression,  we 
defined  the  global  transcriptional  profile  ofMDA-231  breast  can¬ 
cer  cells  before  and  after  tetracycline-dependent  HOXA9  expres¬ 
sion  (Supplemental  Table  4).  Among  the  genes  up  regulated  after 
HOXA9  reexpression,  we  observed  that  the  level  of  the  breast 
cancer  susceptibility  gene  BRCAl  was  dramatically  increased  and 
confirmed  this  by  semiquantitative  RT-PCR  (Figure  3A).  Because 
BRCAl  is  aTS  gene  that  regulates  MFC  growth,  survival,  and  inva¬ 
sion  and  can  modulate  rBM  morphogenesis,  we  next  explored 
the  functional  relationship  between  HOXA9  and  BRCAl  regula¬ 
tion  (19,  32-34,  38,  62).  Immunoblot  analysis  demonstrated  that 
HOXA9  reexpression  consistently  elevated  BRCAl  protein  levels  in 
MDA-231  and  T4-2  breast  cancer  cells  (Figure  3B).  These  results 
suggested  that  HOXA9  could  repress  breast  tumor  behavior  by 
regulating  expression  of  the  TS  gene  BRCAl. 

BRCAl  can  be  induced  by  multiple  stimuli  that  might  each  be 
independently  regulated  by  HOXA9  (27).  While  a  number  of  negative 
regulators  of  BRCAl  transcription  have  been  reported,  identification 
of  factors  that  directly  upregulate  BRCAl  expression  has  proven  elu¬ 
sive  (26-31).  Because  HOXA9  is  a  transcription  factor,  we  reasoned 
there  was  a  strong  probability  HOXA9  was  regulating  BRCAl  lev¬ 
els  by  directly  inducing  BRCAl  gene  expression.  Computer-assisted 
analysis  confirmed  that  there  were  indeed  several  putative  HOX 
consensus  binding  sites  in  the  BRCAl  promoter.  To  definitively  test 
whether  HOXA9  could  directly  modulate  BRCAl  expression,  we  con¬ 
ducted  BRCAl  promoter  ChIP  studies  using  HA- tagged,  exogenous¬ 
ly  expressed  HOXA9  as  the  bait.  Whereas  acetyl  H3  histone  easily  and 
repeatedly  coprecipitated  the  |3-globin  promoter  from  both  vector  con¬ 
trol-  and  HOXA9-expressing  cell  lines,  we  could  only  amplify  BRCAl 
promoter  product  above  background  from  the  breast  tumor  cells 
reexpressing  the  exogenous  HA-tagged  HOXA9  (Figure  3,  C  and  D). 
Reporter  assays,  using  regions  of  the  BRCAl  5'  promoter  region  con¬ 
taining  HOXA9  consensus  binding  sites,  confirmed  basal  luciferase 
activity  could  be  significantly  enhanced  after  cotransfection  with 


increasing  amounts  of  a  wild-type  HOXA9  but  not  with  a  HOXA9 
expression  plasmid  containing  an  N255T  mutation  (DNA  BM)  in 
the  conserved  DNA  binding  domain  (Figure  3,  E  and  F)  (63).  Fur¬ 
thermore,  HOXA9-dependent  BRCAl  reporter  induction  could  be 
significantly  enhanced  by  addition  of  the  HOX  gene  co factor  PBXl 
(Figure  3G)  (64).  In  contrast,  no  increase  in  reporter  activity  could  be 
induced  by  PBXl  alone,  PBXl  cotransfected  with  an  shRNA  knock¬ 
ing  down  HOXA9  expression,  or  HOXA9  co  transfection  with  BRCAl 
luciferase  promoter  constructs  lacking  residues  -223  to  +44,  wherein 
reside  putative  HOXA9  consensus  binding  sites  (Genbank  U37574; 
Figure  3,  G  and  H).  Interestingly,  site-directed  mutagenesis  of  indi¬ 
vidual  HOXA9  consensus  binding  sites  did  not  significantly  com¬ 
promise  BRCAl  promoter  activity,  suggesting  cooperative  release  of 
tandem  HOX  consensus  binding  sites  might  be  necessary  to  ablate 
HOXA9-dependent  control  of  BRCAl  gene  expression  (Supplemental 
Figure  8).  These  observations  are  consistent  with  previous  reports  of 
promoter  site  cooperation  and  redundancy  in  other  HOX- regulated 
genes  (65-67).  The  findings  indicate  that  DNA  binding  of  HOXA9 
directly  regulates  BRCAl  expression  in  breast  cells. 

HOXA9  regulates  nonmalignant  MEC  growth  by  modulating  BRCAl 
expression.  We  identified  2  independent  shRNA  lentiviral  clones 
that  could  substantially  reduce  HOXA9  protein  (P.M.  Gilbert, 
unpublished  observations)  and  HOXA9  mRNA  levels  in  nonma- 
lignant  MCF-lOA  MFCs  (Supplemental  Figure  9)  to  implicate 
HOXA9  as  aTS.  Loss  of  HOXA9  expression  disrupted  rBM  mor¬ 
phogenesis,  as  revealed  by  the  formation  of  larger  invasive  colo¬ 
nies  (Figure  4B),  as  indicated  by  lack  of  |3-catenin  at  sites  of  cell¬ 
cell  adherens  junctions  (Figure  4A,  top),  loss  of  basally  polarized 
(a6)|34  integrin  (Figure  4A,  middle),  and  a  discontinuous  endog¬ 
enous  laminin-5  basement  membrane  (Figure  4A,  bottom).  In 
addition,  MCF-lOA  MFCs  with  reduced  HOXA9  levels  exhibited 
an  enhanced  survival  phenotype,  as  evidenced  by  a  failure  of  these 
structures  to  clear  their  lumens  (Figure  4A,  see  arrows;  quanti¬ 
fied  in  Figure  4C),  and  robust  anchorage-independent  growth 
and  survival  (Figure  4,  E  and  F).  Consistent  with  the  notion  that 
HOXA9  mediates  these  TS  effects  on  MFC  behavior  by  regulat¬ 
ing  BRCAl  levels,  the  nonmalignant  MFCs  in  which  HOXA9 
had  been  knocked  down  using  shRNA  showed  a  greatly  blunted 
induction  of  BRCAl  transcription  in  response  to  an  exogenous 
stress  of  5  Gray  irradiation  (Figure  4D)  (68). 

To  determine  whether  reducing  BRCAl  in  nontransformed 
MFCs  could  similarly  promote  malignant  behavior  in  these  MFCs, 
we  identified  2  shRNA  clones  and  demonstrated  efficient  knock 
down  of  BRCAl  protein  levels  (P.M.  Gilbert,  unpublished  obser¬ 
vations).  Consistent  with  prior  data  implicating  BRCAl  in  breast 
differentiation  (19,  32-34,  38),  reducing  BRCAl  in  the  MCF-lOA 
MFCs  increased  cell  proliferation  in  response  to  rBM  cues  (inferred 
by  elevated  colony  size;  Figure  4,  G  and  H),  enhanced  their  survival 
as  revealed  by  luminal  filling  in  the  rBM  colonies  (Figure  4G,  see 
arrow;  quantified  in  Figure  41),  and  disrupted  tissue  morphogen¬ 
esis  (evidenced  by  loss  of  cell-cell  localized  |3-catenin;  Figure  4G). 
Likewise,  compromising  BRCAl  function  in  the  MCF-lOA  cells  by 
expressing  the  BRCAl  Aexonl  lb  mutant  (Supplemental  Figure  10) 
promoted  MFC  growth  and  survival  in  a  3D  rBM  and  perturbed 
tissue  morphogenesis  (Figure  4,  J-L).  These  observations  illustrate 
the  importance  of  HOXA9  and  BRCAl  expression  to  MFC  growth 
and  survival  and  rBM-induced  tissue  morphogenesis. 

HOXA9  regulates  BRCAl  to  repress  the  malignant  behavior  of  MFCs. 
We  next  manipulated  the  expression  and  function  of  BRCAl  and 
HOXA9  in  breast  cancer  cells  and  assayed  for  effects  on  tumor 
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Figure  4 

HOXA9  regulates  nonmalignant  MEC  growth  by  modulating  BRCA1  expression.  (A)  Immunofluorescence  images  of  (3-catenin  (red),  (34 
integrin  (green),  Laminin-5  (green),  and  nuclei  (blue)  in  MCF-10A  colonies  expressing  either  luciferase  control  shRNA  or  shRNA-HOXA9 
clone  3.  Arrows  indicate  cleared  lumen.  Scale  bar:  50  ^im.  (B)  Colony  size  of  MCF-10A  cells  cultured  within  a  rBM  and  expressing 
reduced  HOXA9  levels.  ****p  =  0.0001.  (C)  Lumens  observed  in  MCF-10A  colonies  expressing  luciferase  control  shRNA  as  compared 
with  those  with  shRNA-mediated  HOXA9  knockdown.  **P  =  0.0010.  (D)  The  response  (BRCAl  protein  levels)  of  MCF-10A  cells  express¬ 
ing  reduced  HOXA9  levels  to  5  Gray  irradiation  compared  with  nonirradiated  samples.  *P  <  0.001.  (E  and  F)  Phase  images  of  tumor 
colonies  embedded  within  soft  agar  (E)  and  the  percentage  of  colonies  greater  than  40  ^im  in  diameter  (F).  Scale  bar:  50  ^im.  *P  =  0.001 . 
(G)  Immunofluorescence  images  of  (3-catenin  (red)  and  nuclei  (blue)  in  MCF-10A  colonies,  expressing  either  luciferase  control  shRNA  or 
shRNA-BRCAl  clone  5.  The  arrow  indicates  cleared  lumen.  Scale  bar:  50  jxm.  (H)  Colony  size  of  MCF-10A  cells  cultured  within  a  rBM 
and  expressing  reduced  BRCAl  levels.  ***P  =  0.0024.  (I)  Quantification  of  lumens  observed  in  MCF-10A  colonies  expressing  luciferase 
control  shRNA  as  compared  with  those  with  shRNA-mediated  BRCAl  knockdown.  ****p  =  0.0003.  (J)  Immunofluorescence  images  of 
(3-catenin  (red)  and  nuclei  (blue)  in  MCF-10A  colonies  expressing  vector  or  mutant  BRCAl  (BRCAl  MT).  The  arrow  indicates  cleared 
lumen.  Scale  bar:  10  ^im.  (K)  Quantification  of  cross-sectional  area  of  MCF-10A  colonies  in  cells  cultured  within  a  rBM  and  coexpressing 
mutant  BRCAl.  *P  =  0.05.  (L)  Quantification  of  lumens  observed  in  MCF-10A  colonies  expressing  vector  control  as  compared  with  those 
expressing  a  mutant  BRCAl .  *P  =  0.05. 
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Figure  5 

H0XA9  regulates  BRCA1  to  repress  the  malignant  behavior  of  MECs.  (A)  Immunofluorescence  images  of  (3-catenin  (red)  and  nuclei  (blue)  in 
T4-2  colonies  reexpressing  HOXA9  or  BRCA1 .  Arrows  indicate  cleared  lumens.  Scale  bar:  10  ^im.  (B)  Immunofluorescence  images  of  (3-catenin 
(red)  and  nuclei  (blue)  in  T4-2  colonies  reexpressing  HOXA9  alone  or  with  a  mutant  BRCAl .  Scale  bar:  10  ^im.  (C)  Quantification  of  colony  size  of 
T4-2  cells  reexpressing  HOXA9  or  BRCAl .  ***P  =  0.001 .  (D)  Quantification  of  cross-sectional  area  of  T4-2  colonies  formed  by  cells  reexpressing 
HQXA9  alone  or  with  a  mutant  BRCAl .  *P  =  0.05,  ***P  =  0.001 .  (E)  Quantification  of  anchorage-independent  growth  and  survival  in  T4-2  cells 
reexpressing  either  HQXA9  or  BRCAl .  ***P  =  0.001 .  (F)  Quantification  of  the  percentage  of  T4-2  colonies  that  formed  lumens  following  the  reex¬ 
pression  of  HQXA9  or  BRCAl .  *P  =  0.0263.  (G)  Quantification  of  lumen  formation  in  rBM  T4-2  colonies  with  reexpressed  HQXA9,  when  BRCAl 
function  has  been  compromised  through  coexpression  of  a  mutant  BRCAl .  (H)  Quantification  of  proliferation  in  T4-2  cells  following  HQXA9 
reexpression  with  a  mutant  BRCAl .  **P  =  0.0025,  ***P  =  0.0003.  (I)  The  time  course  of  the  progressive  increase  in  xenograft  size  (5-30  days). 
Reexpression  of  HQXA9  in  T4-2  tumor  cells  significantly  reduced  the  rate  of  lesion  expansion  (filled  circles)  compared  with  the  T4-2  vector 
controls  (filled  squares),  which  could  be  restored  to  that  of  T4-2  breast  tumor  cells  if  coexpressed  with  a  mutant  BRCAl  (filled  triangles  with  red 
line).  ***P  =  0.001 .  (J)  Lesion  size  (28  days)  in  each  experimental  group.  **P  =  0.01 ,  ***P  =  0.001 . 


cell  behavior  in  culture  and  in  vivo.  Consistent  with  a  functional 
link  between  HOXA9  and  BRCAl,  increasing  the  levels  of  wild- 
type  BRCAl  in  breast  tumor  cells  significantly  reduced  their  rBM- 
dependent  growth  and  normalized  their  survival  behavior,  such 
that  they  assembled  colonies  with  cleared  lumens  (Figure  5A, 
see  arrows;  quantified  in  Figure  5F)  that  were  similar  in  size  and 
morphology  to  those  formed  by  tumor  cells  reexpressing  HOXA9 
(compare  in  Figure  5,  A,  C,  and  F).  In  addition,  rBM-dependent 
tumor  colonies  expressing  higher  wild- type  BRCAl  were  no  lon¬ 
ger  invasive  and  had  cell-cell  localized  |3-catenin  (Figure  5A), 
indicating  that,  analogous  to  HOXA9,  BRCAl  also  reverted  the 


malignant  phenotype  of  breast  cells  toward  a  normal  polarized, 
growth-arrested  acini  structure  (see  Figure  2).  Consistent  with  its 
TS  function,  ectopic  expression  of  wild- type  BRCAl  reduced  the 
anchorage-independent  growth  and  survival  of  breast  cancer  cells 
(Figure  5E).  These  data  show  how  BRCAl  can  phenocopy  the  TS 
effects  of  HOXA9  and  can  repress  the  growth,  survival,  and  inva¬ 
sive  behavior  of  breast  tumor  cells  in  rBM. 

We  compromised  BRCAl  function  in  the  T4-2  tumor  cells  reex¬ 
pressing  HOXA9  through  coexpression  of  the  Aexon  11b  BRCAl 
mutant  and  then  assayed  for  effects  on  rBM  growth,  survival,  and 
colony  morphology  to  explore  the  functional  relationship  between 
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Figure  6 

Clinical  correlation  between  HOXA9  and  BRCA1  expression.  (A)  Line  graph  illustrating  that  significant  correlations  exist  between  HOXA9  and 
BRCA1  mRNA  levels  expressed  in  a  cohort  of  normal  (shown  in  blue;  P  <  0.0001 ;  =  0.8534)  and  tumorigenic  (shown  in  red;  P  <  0.0001 ; 

=  0.7160)  human  breast  tissue  specimens  (n  =  53).  (B)  Graph  illustrating  the  relationship  between  HOXA9  and  BRCA1  protein  levels  in  human 
ER-/PR-/ErbB2-  breast  samples.  (C)  Immunohistochemistry  showing  colocalized  expression  of  HOXA9  and  BRCA1  protein  in  the  epithelium  of 
normal  human  breast  tissue  and  HOXA9+/BRCA1+  tumor  samples,  as  compared  with  HOXA9-/BRCA1-  tumor  samples.  (HOXA9  was  “stained” 
with  Fast  Red,  and  BRCA1  was  “stained”  with  DAB).  Scale  bar:  100  ^im. 


HOXA9  and  BRCAl  expression  and  MEC  phenotype.  Disrupting 
BRCAl  function  antagonized  the  ability  of  HOXA9  to  repress  the 
malignant  behavior  of  the  T4-2  tumor  cells  (Figure  5B).  Thus, 
tumor  cells  simultaneously  expressing  HOXA9  and  the  Aexon  1  lb 
BRCAl  mutant  failed  to  pheno typically  revert  when  grown  with¬ 
in  rBM  and  instead  formed  continuously  growing,  invasive,  and 
nonpolarized  colonies  that  lacked  cell-cell  localized  |3-catenin  and 
cleared  lumens  (Figure  5,  B,  D,  G,  and  H).  These  studies  demon¬ 
strated  that  the  ability  of  HOXA9  to  repress  the  malignant  behav¬ 
ior  of  MFCs  is  functionally  dependent  upon  BRCAl. 

To  address  the  in  vivo  relevance  of  a  functional  link  between 
HOXA9  and  BRCAl,  we  conducted  xenograft  studies  using  BalbC 
nu/nu  mice  injected  with  human  breast  cancer  cells,  with  and 
without  HOXA9  and  a  functional  BRCAl,  and  assayed  tumor 
growth  (as  indicated  by  lesion  size).  Reexpression  of  HOXA9  in 
T4-2  breast  cancer  cells  significantly  reduced  lesion  growth  rate 
as  compared  with  T4-2  vector  controls  (Figure  5, 1  and  J).  In  con¬ 
trast,  the  HOXA9  expressing  T4-2  MFCs  in  which  BRCAl  func¬ 
tion  was  simultaneously  compromised,  through  coexpression  of 
the  Aexon  1  lb  BRCAl  mutant,  grew  robustly  and  had  growth  rates 
that  were  comparable  to  that  observed  in  the  vector  control  T4-2 
MFCs.  T4-2  HOXA9  tumor  cells  in  which  BRCAl  function  was 
compromised  developed  lesions  that  were,  on  average,  comparable 
in  size  and  morphology  to  those  formed  by  the  wild-type  tumors 
(28  days;  Figure  5, 1  and  J).  These  data  demonstrate  that  HOXA9 
restricts  the  growth  and  survival  of  human  breast  cancer  cells  by 
regulating  BRCAl  expression  both  in  culture  and  in  vivo. 


Clinical  correlation  between  HOXA9  and  BRCAl  expression.  To 
address  the  clinical  relevance  of  a  functional  link  between 
HOXA9  and  BRCAl,  we  examined  mRNA  and  protein  expres¬ 
sion  and  colocalization  of  HOXA9  and  BRCAl  in  cohorts  of 
clinically  diverse  (ER/PR-positive  and  -negative)  human  breast 
cancers  and  normal  tissue  {n  =  56).  Quantitative  RT-PCR  data 
showed  that  HOXA9  correlates  significantly  with  BRCAl  in  nor¬ 
mal  (r^  =  0.8534;  Figure  6A,  blue  line)  and  transformed  breast 
tissue  (ER/PR  positive  and  negative;  =  0.7160;  Figure  6A,  red 
line).  Quantitative  immunohistochemistry  of  a  panel  of  12  tri¬ 
ple-negative  breast  tumors  revealed  a  strong  positive  association 
between  nuclear  HOXA9  and  BRCAl  (Figure  6B  and  Table  3). 
We  also  noted  that  the  epithelium  of  the  normal  breast  coex¬ 
pressed  appreciable  levels  of  cytoplasmic  and  nuclear  HOXA9 
and  BRCAl  protein  (Figure  6C,  left),  as  did  the  more  differenti¬ 
ated,  triple-negative  breast  tumor  tissues  (Figure  6C,  middle). 
In  contrast,  less  differentiated  triple-negative  tumors  showed 
complete  loss  of  both  proteins  (Figure  6C,  right).  Interestingly, 
we  observed  that  a  loss  in  HOXA9  expression  was  associated 
with  a  greater  reduction  in  BRCAl  mRNA  in  the  breast  tumor 
samples  as  compared  with  normal  tissue  (Figure  6A,  compare 
normal  to  tumor).  These  clinical  findings,  together  with  our 
experimental  data,  are  consistent  with  the  notion  that  HOXA9 
modulates  BRCAl  expression  by  cooperating  with  multiple 
negative  and  positive  regulatory  factors,  differentially  expressed 
in  human  breast  tumors,  whose  expression  correlates  with  loss 
of  ER/PR  expression  and  tumor  aggression  (20,  27). 
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Discussion 

To  identify  developmental  regulators  misexpressed  during  malig¬ 
nant  transformation  of  the  breast,  we  used  global  expression 
profiling  of  microdissected  breast  tumors  and  their  adjacent 
normal  tissue.  We  identified  the  homeobox  gene  HOXA9,  previ¬ 
ously  implicated  in  mammary  development  (12,  39),  as  a  gene 
whose  levels  were  significantly  downregulated.  We  confirmed 
the  microarray  observation  using  RT-PCR,  in  situ  hybridization, 
and  immunohistochemistry  and  showed  that  HOXA9  was  highly 
expressed  in  the  luminal  epithelium  of  the  normal  breast  and  that 
its  expression  was  frequently  decreased  in  a  high  proportion  of 
invasive  human  breast  tumors  and  breast  cancer  cell  lines  (Figure  1, 
B  and  G).  Bioinformatics  analysis  confirmed  these  findings  and 
also  indicated  that  HOXA9  loss  significantly  correlated  with 
features  of  aggressive  disease  in  ER/PR-negative  breast  tumors, 
including  large-  and  high-grade  tumors,  late-stage  disease,  lymph 
node  involvement,  distant  metastasis,  and  reduced  patient  sur¬ 
vival  (Figure  1,  E  and  F,  Table  1,  and  Supplemental  Table  3).  Using 
2  ER/PR/ErbB2-negative,  basal-like  breast  cancer  cell  lines,  we  then 
showed  that  reexpressing  HOXA9  (but  not  another  member  of  the 
HOXA  cluster,  HOXAIO)  inhibited  tumor  cell  growth  and  sur¬ 
vival  and  promoted  acini  morphogenesis  in  culture  and  restricted 
tumorigenesis  in  vivo.  Furthermore,  we  showed  that  reducing 
levels  of  HOXA9  in  nonmalignant  MECs  enhanced  growth  and 
survival  and  perturbed  acini  morphogenesis  (Figures  2  and  4). 
Although  investigators  have  previously  reported  that  HOXA9  is 
methylated  and  that  its  expression  is  reduced  in  breast,  lung,  and 
ovarian  cancers  (45,  69,  70),  this  is  the  first  study  to  our  knowledge 
to  assess  the  clinical  relationship  of  HOXA9  loss  to  solid  tumors, 
to  analyze  the  functional  relevance  of  HOXA9  to  the  malignant 
behavior  of  MECs  in  culture,  in  vivo  and  in  clinical  specimens, 
and  to  identify  a  molecular  mechanism  for  these  effects.  In  this 
respect,  we  found  that  HOXA9  restricts  the  aggressive  and  malig¬ 
nant  behavior  of  MECs  by  directly  modulating  BRCAl,  imply¬ 
ing  that  HOXA9  reduces  risk  to  malignancy  and  controls  tumor 
aggressiveness  by  controlling  levels  of  an  established  mammary 
gland  TS  gene.  These  findings  are  consistent  with  the  notion  that 
developmental  regulators,  such  as  the  HOX  family  of  transcrip¬ 
tion  factors,  influence  adult  tissue  homeostasis  by  regulating  the 
expression  and/or  activity  of  key  TS  genes  that  regulate  cell  growth 
and  survival  and  morphogenesis  (12). 

Homeobox  genes  regulate  embryonic  development  and  tis¬ 
sue  patterning,  and  their  expression  is  frequently  perturbed  and 
often  aberrantly  increased  in  tumors  (2,  3,  12,  71).  Until  recently, 
the  prevailing  dogma  has  been  that  inappropriate  expression  of 
homeobox  genes  promotes  tumor  progression.  Consistently,  the 
homeobox  genes  that  are  highly  expressed  during  early  embryo- 
genesis,  that  promote  cell  proliferation  and  survival,  and  that 
induce  migration  are  those  that  are  most  often  over  expressed  in 
transformed  cells  and  tissues  (6,  8,  72,  73).  These  are  the  homeo¬ 
box  genes  that  have  been  implicated  in  altered  growth  receptor 
signaling,  deregulated  cell  cycle  control,  and  the  elevated  growth 
and  apoptosis  resistance  of  cancer  cells  and  that  appear  to  regulate 
tumor  invasion  and  metastasis  and  promote  angiogenesis  (40,  72, 
74-76).  For  instance,  the  homeobox  gene  Sixl  is  highly  expressed 
during  early  mammary  gland  development,  where  it  drives  epithe¬ 
lial  cell  proliferation  by  modulating  levels  of  the  cell  cycle  gene 
cyclin  A1  (77).  Although  Sixl  levels  are  downregulated  and  barely 
detectable  in  the  differentiated  adult  mammary  gland,  Sixl  is  fre¬ 
quently  overexpressed  in  aggressive  breast  tumors,  in  which  it  pro- 


Table  3 

Relationship  between  H0XA9  and  BRCA1  nuclear  protein  levels 
in  human  ER-/PR-/ErbB2-  breast  samples 
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Nuclear  H0XA9 

Nuclear  BRCA1 
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+ 
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- 
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2440 

- 

- 

Expression  is  reiative  between  sampies.  no  detectabie  expression; 
+,  iow  expression;  ++,  moderate  expression;  -i-i-i-,  high  expression. 


motes  cell  growth  and  survival,  enhances  genomic  instability,  and 
promotes  tumor  metastasis  (78).  Similarly,  enforced  expression 
of  the  early  embryonic  homeobox  gene  Msxl,  which  is  also  often 
elevated  in  tumors,  promotes  the  proliferation  of  undifferentiated 
stem  cells,  blocks  the  terminal  differentiation  of  myoblasts,  and 
downregulates  expression  of  the  myogenic  differentiation  factor 
MyoDl  to  induce  their  malignant  transformation  (79-81). 

It  is  now  appreciated  that  homeobox  genes  of  the  ANT-C/BX-C 
type  that  control  rostral-caudal  patterning  during  embryogenesis 
and  are  abundantly  expressed  in  differentiated  tissues  can  repress 
malignancy  and  may  function  as  “tumor  modulators”  (9, 7 1, 82-84). 
Data  that  support  this  concept  exist,  although,  unfortunately, 
many  findings  linking  homeobox  gene  loss  with  tumorigenesis  are 
largely  circumstantial  (45,  69,  70,  79).  At  present,  few  methodical 
studies  exist  that  clarify  molecular  mechanisms  whereby  reduced 
homeobox  levels  could  restrict  tumor  progression  and/or  metasta¬ 
sis  (9,  84).  In  this  article,  we  present  evidence  that  one  of  the  poste¬ 
riorly  expressed  homeobox  genes,  HOXA9,  is  necessary  for  normal 
MEG  growth  and  survival  and  acini  morphogenesis,  a  finding  that 
is  consistent  with  a  previous  article  implicating  HOXA9  in  mam¬ 
mary  gland  differentiation  in  the  mouse  (Figures  2  and  4)  (39). 
Our  findings  clarify  these  earlier  observations  and  indicate  that 
HOXA9  inhibits  cell  growth  and  survival  and  promotes  morpho¬ 
genesis  in  normal  and  transformed  MECs  by  directly  regulating 
expression  of  the  TS  gene  BRCAl  (Figures  3  and  5).  Our  observa¬ 
tions  are  consistent  with  and  extend  prior  studies  showing  that 
PITXl,  which  is  frequently  downregulated  in  prostate,  bladder, 
and  colon  cancers  (6),  could  function  as  a  TS  by  inhibiting  onco¬ 
genic  Ras  signaling  and  indicating  that  HOXA5,  which  is  lost  in 
greater  than  60%  of  mammary  tumors  and  breast  cancer  cell  lines, 
may  restrict  breast  cancer  by  regulating  levels  of  the  TS  p53  to  alter 
inappropriate  MEG  survival  (8,  73).  Distinct  from  these  reports, 
we  could  show  that  HOXA9  not  only  modulates  BRCAl  levels  but 
also  directly  binds  to  and  regulates  BRCAl  transcription  and  that 
HOXA9-dependent  BRCAl  induction  is  markedly  enhanced  dur¬ 
ing  tissue  remodeling  and  following  exposure  of  breast  cells  to  an 
exogenous  stress,  consistent  with  a  role  for  BRCAl  in  cell  cycle 
regulation  and  the  DNA  damage  response  (85,  86).  Intriguingly, 
HoxC8  was  shown  to  bind  directly  to  and  regulate  the  mammalian 
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homolog  of  lethal  giant  larvae  TS  gene;  however,  to  date  no  func¬ 
tional  data  exist  to  clarify  the  relevance  of  this  relationship  (7).  In 
the  present  studies,  we  not  only  showed  that  HOXA9  directly  reg¬ 
ulates  BRCAl  transcription,  but  we  demonstrated  that  HOXA9- 
dependent  BRCAl  expression  is  critical  for  the  growth,  survival, 
and  morphogenesis  activity  of  HOXA9  in  culture  and  for  its  TS- 
like  activity  in  vivo  (Figures  4  and  5).  We  also  provided  additional 
evidence  that  this  relationship  has  clinical  relevance  (Figures  5 
and  6).  Indeed,  our  findings  argue  that  loss  of  HOXA9  is  a  criti¬ 
cal  determinant  of  tumor  aggression,  especially  in  ER/PR-negative 
breast  tumors,  which  likely  harbor  additional  modifications  that 
negatively  modulate  BRCAl  levels.  Our  findings  emphasize  the 
importance  of  examining  the  role  of  homeobox  family  members 
as  critical  regulators  of  normal  tissue  differentiation  and  homeo¬ 
stasis  and  illustrate  the  potential  permissive  role  of  HOXA9  loss  in 
tumor  progression  and  aggressiveness  and  as  a  potential  regulator 
of  treatment  responsiveness. 

In  contrast  to  our  observation  that  HOXA9  restricts  the 
growth,  survival,  and  malignant  behavior  of  breast  epithelial 
cells,  it  is  well  known  that  HOXA9  plays  an  essential  role  in  nor¬ 
mal  myeloid  lineage  development,  because  it  promotes  expansion 
of  the  stem  cell  pool  and  inhibits  differentiation  (87).  Consis¬ 
tently,  increased  expression  or  activation  of  HOXA9  in  myeloid 
stem  cells  is  causally  linked  to  acute  myeloid  leukemia  (88),  and 
enforced  expression  of  HOXA9  in  myeloid  cells,  due  to  chromo¬ 
some  translocation  or  overexpression  of  its  regulator  MLL,  drives 
transformation  (4).  Furthermore,  elevated  HOXA9  expression 
induces  angiogenesis  by  regulating  growth,  migration,  and  inva¬ 
sion  of  endothelial  cells  (40).  Interestingly,  neither  myeloid  cells 
nor  human  endothelial  cells  ectopically  overexpressing  HOXA9 
upregulate  BRCAl  transcript  levels,  thereby  offering  one  likely 
explanation  for  the  strikingly  different  phenotypic  consequences 
of  HOXA9  expression  between  MFCs  versus  lymphocytes  and 
endothelial  cells  (P.M.  Gilbert,  unpublished  observations)  (89, 90). 
This  observation  is  consistent  with  previous  studies  indicating 
that  homeobox  target  genes  are  cell  and  tissue  specific.  The  data 
are  also  in  accord  with  results  showing  that  the  expression  pro¬ 
file  and  gene  targets  of  each  HOX  factor  depend  upon  the  com¬ 
plement  of  cofactors  present  in  each  cell  and  the  extracellular 
microenvironment  the  cell  resides  within  (91).  Thus,  while 
HOXA5  can  induce  p53  expression  in  MFCs,  sustained  HOXA5 
failed  to  modulate  p53  in  endothelial  cells  and  instead  induced 
Thrombospondin-2  (8,  92).  Such  findings  serve  to  illustrate  the 
urgency  of  conducting  comparative  functional  studies  of  homeo¬ 
box  gene  regulation  in  different  tissues  and  stress  the  relevance 
of  tissue  context  as  a  key  regulator  of  cellular  behavior.  The  work 
also  underscores  the  importance  of  considering  tissue-specific 
gene  regulation  in  order  to  understand  cancer  pathogenesis  as 
well  as  to  identify  tissue-specific  treatments. 

BRCAl  is  either  lost  or  mutated  in  many  cases  of  familial  breast 
cancer  (27,  93,  94).  Nevertheless,  BRCAl  expression  is  also  fre¬ 
quently  reduced  in  sporadic  breast  cancers,  and  gene  methylation 
and  silencing  only  account  for  a  subset  of  these  sporadic  tumors 
(27,  93).  This  means  that  other  parameters  and  factors  that  are 
altered  during  breast  carcinogenesis  likely  exist  to  regulate  tissue- 
specific  levels  of  BRCAl  (20, 27).  Indeed,  the  BRCAl  promoter  is  a 
highly  complex,  bidirectional  transcriptional  unit,  with  multiple 
binding  motifs,  and  it  is  subject  to  dynamic  interactions  between 
its  promoter  and  terminator  regions.  Its  activity  can  be  modulated 
by  multiple  generic  and  tissue-specific  factors,  including  53BP1, 


E2F  proteins,  and  GABP-a/|3,  and  conditions,  including  stress, 
hypoxia,  growth  factors,  and  estrogens  (95,  96).  However,  despite 
these  findings,  very  few  factors  have  been  shown  to  bind  to  and 
directly  modulate  BRCAl  expression  and,  of  these,  most  have  been 
negative  regulators.  Furthermore,  there  is  a  paucity  of  evidence  to 
link  these  BRCAl  regulators  to  defined  BRCAl -dependent  phe¬ 
notypes.  Metastasis-associated  tumor  antigen  1  (MTAl)  has  been 
implicated  in  the  transcriptional  repression  of  BRCAl  and  in 
abnormal  centrosome  number  and  chromosomal  instability  (30), 
and  E2F4  and  the  pocket  proteins  p  130/p  107  bind  the  BRCAl 
promoter  and  repress  its  basal  transcription,  thereby  regulating 
cell  growth  (97).  In  these  studies,  we  demonstrate  that  HOXA9 
directly  and  positively  modulates  BRCAl  transcription,  thereby 
restricting  the  abnormal  growth,  survival,  and  stress  response  of 
breast  cancer  cells  and  nonmalignant  MFCs  in  culture  and  in  vivo. 
This  relationship  has  clinical  relevance  because  loss  of  HOXA9  sig¬ 
nificantly  predicts  tumor  aggression  in  ER/PR-negative  cancers.  In 
this  respect,  HOXA9  correlated  significantly  with  BRCAl  mRNA 
and  BRCAl  protein  levels  in  breast  tissues,  in  which  we  observed 
that  reduced  HOXA9  expression  was  associated  with  a  more  pro¬ 
found  reduction  of  BRCAl  in  tumor  cells  and  that  loss  of  HOXA9 
and  BRCAl  was  strongly  associated  with  a  less  differentiated  phe¬ 
notype  in  triple-negative  breast  tumors.  Because  basal-like  tumors 
also  frequently  express  “BRCAl  repressors,”  these  results  argue 
that  HOXA9  likely  cooperates  with  other  intrinsic  or  acquired 
factors  to  modulate  BRCAl  expression  in  breast  cancers.  The  fact 
that  expression  profiling  did  not  reveal  reduced  BRCAl  transcripts 
in  the  4  primary  tumors  with  reduced  HOXA9  expression  is  not 
surprising  (Supplemental  Table  2).  In  general,  expression  levels 
of  BRCAl  are  below  the  detection  sensitivity  of  Affymetrix  arrays, 
and  thus  transcript  level  changes  would  not  normally  be  noted. 
Instead,  BRCAl  expression  is  tightly  linked  to  cell  cycling  and  the 
presence  of  damaged  DNA  (98),  and  we  observed  a  robust  induc¬ 
tion  of  BRCAl  in  response  to  HOXA9  most  predominantly  dur¬ 
ing  tissue  remodeling  (J.K.  Mouw,  unpublished  observations)  or 
after  exposure  to  an  exogenous  stress  (Figure  4D).  Thus,  because 
the  HOXA9  promoter  is  frequently  methylated  and  HOXA9  levels 
are  often  reduced  in  invasive  breast  tumors,  and  we  showed  that 
HOXA9  is  often  lost  in  breast  tumors,  our  data  offer  an  attractive 
explanation  for  why  BRCAl  expression  could  be  so  frequently  lost 
in  sporadic  human  breast  tumors,  even  in  the  absence  of  genetic 
aberrations,  promoter  methylation,  or  haploinsufficiency. 

Intriguingly,  not  only  did  we  find  that  HOXA9-dependent  BRCAl 
expression  restricts  tumor  progression  by  inhibiting  MFC  growth 
and  survival,  but  we  also  observed  that  elevated  HOXA9  and  BRCAl 
levels  restored  cell-cell  adhesions  and  normalized  acini  morphogen¬ 
esis  (Figures  2  and  5).  These  findings  are  consistent  with  previous 
reports  that  showed  that  loss  of  BRCAl  compromises  the  ability 
of  nonmalignant  MCFIOA  MFCs  to  undergo  morphogenesis  into 
polarized  acinar  structures  in  a  3D  rBM  assay  (19,  35,  36)  and  are 
consistent  with  data  indicating  that  BRCAl  is  critical  for  lumen 
formation  in  primary  murine  MFCs  (38).  Indeed,  during  mammary 
gland  remodeling,  BRCAl  levels  peak  prior  to  tight  junction  assem¬ 
bly  and  tissue-specific  differentiation,  and  they  decline  to  barely 
detectable  levels  during  lactation  (27,  37,  38).  Consistently,  recent 
studies  in  which  BRCAl  was  overexpressed  in  the  epithelium  of  the 
murine  breast  showed  that  there  was  a  moderate  increase  in  lobu¬ 
lar  alveolar  differentiation  in  the  mammary  gland,  consistent  with 
accelerated  development,  and  these  mice  also  showed  resistance  to 
mutagen-induced  mammary  neoplasia.  In  contrast,  age-matched 


12 


The  Journal  of  Clinical  Investigation  http://www.jci.org 


research  article 


mice  expressing  a  mutated  BRCAl  morphologically  resembled  ani¬ 
mals  at  mid-pregnancy,  consistent  with  increased  proliferation  and 
secondary  branching,  and  these  mice  showed  enhanced  DMBA- 
induced  transformation  (99).  Our  findings  raise  the  intriguing 
possibility  that  some  HOX  genes,  particularly  those  expressed  late 
during  development  and  those  that  are  expressed  in  differentiated 
tissues  such  as  HOXA9,  might  regulate  growth,  survival,  and  inva¬ 
sion  to  modulate  body  plan  patterning  during  development,  by 
regulating  levels  of  TSs  that  control  these  orchestrated  processes. 
In  this  respect,  HOXA9  plays  an  important  role  in  skeletal  (41),  uro¬ 
genital  tract  (42),  kidney  (43),  and  mammary  gland  development 
(39),  and  HOXA9  expression  can  be  regulated  by  microRNAs  that 
have  been  implicated  in  tissue  differentiation  (44). 

Methods 

Substrates,  antibodies,  and  pharmacological  reagents.  The  materials  used  were  as 
follows:  Commercial  EHS  matrix  (Matrigel;  Collaborative  Research)  for  the 
rBM  assays;  Vitrogen  (Vitrogen  100,  Inamed  Biomaterials;  bovine  skin  col¬ 
lagen  I),  3  mg/ml,  for  coating  culture  dishes;  and  Cellagen  AC-5,  0.5%  (ICN 
Biomedical  Inc.)  for  morphogenesis  assays.  Primary  antibodies  used  were  as 
follows:  actin,  clone  AC-40  (Sigma- Aldrich);  BRCAl,  clone  Ab-1  (Oncogene); 
(3-Catenin,  clone  14  (BD  Biosciences  —  Transduction  Laboratories);  (34  inte- 
grin,  clone  3E1  (Invitrogen);  FLAG,  clone  M2  (Sigma- Aldrich);  HA.l  1,  clone 
16B12  (Covance  Research  Products);  HA,  clone  Y-11  (Santa  Cruz  Biotech¬ 
nologies  Inc.);  acetyl  H3  histone,  rabbit  polyclonal  (Upstate);  Ki-67  clone 
35  (BD  Biosciences  —  Transduction  Laboratories);  HOXA9  (N-20),  goat 
polyclonal  (Santa  Cruz  Biotechnologies  Inc.);  HOXA9,  rabbit  polyclonal  (a 
gift  from  T.  Nakamura,  Japanese  Foundation  for  Cancer  Research,  Tokyo, 
Japan);  HOXAIO  rabbit  polyclonal  (Abeam);  and  laminin  5  (a  gift  from  M.P. 
Marinkovich,  Stanford  University  School  of  Medicine,  Stanford,  California, 
USA)  (100).  Secondary  antibodies  used  were  Alexa  Fluor  488-  and  555-con- 
jugated  polyclonal  anti-rabbit  and  anti-mouse  IgGs  (Molecular  Probes)  and 
HRP-conjugated  polyclonal  rabbit  and  anti-mouse  IgGs  (Amersham  Phar¬ 
macia).  Pharmaceutical  reagents  included  Tyrphostin  AG  1478  (100  pM; 
DMSO)  (Calbiochem);p-Nitrophenyl  phosphate  disodium  salt  hexahydrate 
(Fisher  Scientific);  and  D-Luciferin,  potassium  salt  (Biotium). 

cDNA,  lentiviral  and  retroviral,  and  shRNA  constructs  and  vectors.  Please 
refer  to  the  Supplemental  Methods  section  for  a  detailed  description 
of  constructs  used. 

Cell  culture.  The  HMT-3522  S-1  and  T4-2  MFCs  were  grown  and  manipu¬ 
lated  in  2D  and  3D,  and  the  T4-2s  were  phenotypically  reverted  exactly  as 
described  previously  (60,  101).  MDA-MB-231,  MCF-7,  and  MCFIOA  cells 
were  cultured  according  to  manufacturers  recommendations  (ATCC)  and 
grown  in  3D  as  described  previously  (102).  BT-20,  MDA-MB-468,  MDA- 
MB-435,  T47D,  ZR751,  and  SK-BR-3  cells  were  cultured  according  to 
manufacturers  recommendations  (ATCC). 

Retroviral  and  lentiviral  infections.  Amphotrophic  retrovirus  was  produced 
(103),  and  retroviral  supernatant  was  harvested  and  used  directly  to  spin 
infected  cells,  followed  by  antibiotic-induced  selection  with  puromycin 
(0.5  pg/ml  media)  or  neomycin  (100  pg/ml)  72  hours  after  infection  (104). 
Lentiviral  particles  were  produced,  harvested,  and  used  to  infect  target 
cells  as  previously  described  (105). 

Soft  agar  assay.  Anchorage-independent  growth  was  assessed  using  a  soft  agar 
assay  (60).  In  brief,  25,000  cells  in  1.5  ml  0.35%  agarose  containing  IX  growth 
media  were  overlaid  with  1.5  ml  0.5%  agarose  containing  IX  growth  media, 
and  colonies  larger  than  30  pm  in  diameter  were  scored  positive  after  14  days. 

In  vivo  studies.  All  experiments  were  performed  in  accordance  with  the  guide¬ 
lines  of  Laboratory  Animal  Research  at  the  University  of  Pennsylvania.  Four- 
week-old  BalbC  nu/nu  mice  were  subcutaneously  injected  in  the  rear  flanks 
(5  X  10^  cells/injection,  together  with  Matrigel),  and  palpable  lesions  were 


detected,  measured,  and  monitored  biweekly  for  56  days  (Instant  read-out 
digital  calipers;  Electron  Microscopy  Sciences).  At  experiment  termination, 
mice  were  sacrificed,  and  lesions  were  dissected,  measured,  macroscopically 
analyzed,  fixed  in  4%  paraformaldehyde,  and  paraffin  embedded,  and  H&E 
sections  were  evaluated  for  histopathological  evidence  of  tumor  phenotype. 

Immunofluorescence.  Immunofluorescence  analysis  of  cells  grown  in 
2D,  3D,  and  paraffin-embedded  tissues  was  performed  as  previously 
described  (101,  102). 

Proliferation.  Cell  proliferation  was  measured  by  calculating  the  percent¬ 
age  of  Ki-67-labeled  nuclei  and  quantified  as  previously  described  (106). 

Immunoblotting.  Equal  amounts  of  cell  protein  lysate  (Laemmli;  BCA; 
Pierce)  were  separated  on  reducing  SDS-PAGE  gels,  transferred  to  nitrocel¬ 
lulose  or  PVDF  membrane,  and  probed  with  primary  antibody.  Bands  were 
visualized  and  quantified  using  a  Fujifilm  Gel  Documentation  system,  in 
conjunction  with  HRP-conjugated  secondary  antibodies  and  ECL-Plus 
(Amersham  Pharmacia).  For  the  irradiation  response  of  MCF-lOA  cells, 
cells  were  irradiated  (5  Gray)  and  lysed  24  hours  later. 

Chip.  Chip  assays  were  performed  according  to  the  manufacturer's 
directions  (Upstate).  In  brief,  proteins  were  cross-linked  to  chromatin 
(formaldehyde;  1%),  cells  were  lysed,  and  the  chromatin  was  sheared  (soni- 
cation;  Misonix  Ultrasonic).  HA-tagged  HOXA9/DNA  fragments  were 
immunoprecipitated  (overnight;  at  4°C)  using  polyclonal  anti-HA  (clone 
Y-11)  or  polyclonal  anti-HOXA9,  with  polyclonal  anti-acetyl  H3  histone 
serving  as  a  positive  control  and  isotype- matched  IgG  serving  as  a  negative 
control.  Protein/DNA  complexes  were  captured  (Protein  A  agarose  beads), 
washed  (6-10  times),  and  eluted  from  beads,  and  cross-links  were  reversed 
(NaCl  and  phenol/chloroform  extraction).  DNA  was  ethanol  precipitated 
and  used  directly  for  PCR  reactions.  To  amplify  a  human  BRCAl  promoter 
fragment  from  anti-HOXA9  ChIP  experiments  we  used  the  following  prim¬ 
ers:  forward,  5'-GATGGGACCTTGTGGAAGAA-3',  and  reverse,  5'-ACGAC- 
CAAACCAACACCAAT-3'.  To  amplify  the  human  (3-globin  gene  (107)  from 
anti-acetyl  H3  histone  ChIP  experiments  we  used  the  following  primers:  for¬ 
ward,  5'-ATCTTCCTCCCACAGCTCCT-3',  and  reverse,  5'-TTTGCAGCCT- 
CACCTTCTTT-3'.  Bar  graph  data  is  normalized  to  an  IgG  control  ChIP. 

BRCAl  reporter  assay.  Luciferase  BRCAl  gene  reporter  assays  were  con¬ 
ducted  in  293  cells  by  transient  transfection  and  normalizing  transfection 
efficiency,  by  quantifying  SEAP  expression  using  a  MRX  microplate  reader 
(Dynex  Technologies)  36  hours  after  transfection,  as  previously  described 
(108).  Forty-eight  hours  after  transfection,  cells  were  lysed  (25  mM  glycylgly- 
cine,  2  mM  EGTA,  pH  8.0, 1%  Triton  X-100, 1  mM  DTT,  pH  7.8),  aliquots  of 
lysate  were  diluted  (1:5)  in  assay  buffer  (25  mM  glycylglycine,  2  mM  EGTA, 
pH  8.0,  10  mM  MgS04,  2.2  mM  ATP,  0.275  mM  Acetyl  CoA,  1  mM  DTT, 
pH  7.8),  transferred  to  a  Microfluor  plate  (Thomas  Scientific),  and  mixed 
with  equal  quantity  of  luciferin  buffer  (25  mM  glycylglycine,  2  mM  EGTA, 
pH  8.0, 10  mM  MgS04, 1  mM  DTT,  0.55  mM  luciferin,  pH  7.8).  Light  emis¬ 
sion  from  the  reaction  was  detected  using  a  Microtiter  plate  luminometer 
(Dynex  Technologies)  in  conjunction  with  Revelation  software.  Experiments 
were  quantified  as  the  fold  change  over  appropriate  control  conditions. 

Morphometric  analysis.  Colony  size  and  morphology  in  3D  rBM  was 
assessed  at  indicated  times,  essentially  as  previously  described  (101,  102). 
Briefly,  cell-cell  integrity  within  a  3D  MFC  acinus  was  considered  intact 
when  (3-catenin  staining  was  localized  and  continuous  around  the  periph¬ 
ery  of  all  cells.  A  3D  MFC  acinus  was  considered  properly  polarized  when  (34 
integrin  and  laminin  were  expressed  continuously  and  exclusively  around 
the  basal  surface  of  the  acinar  structure. 

Expression  profiling.  Please  see  the  Supplemental  Methods  section  for  a 
detailed  description  of  the  expression  profiling. 

Semiquantitative  PCR.  Purified  total  RNA  (2.0  pg)  was  reverse  transcribed, 
using  random  primers  (Amersham  Biosciences),  and  resultant  samples 
were  serially  diluted  1:10, 1:100,  and  1:1,000  for  subsequent  PCR  reactions. 
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An  initial  PCR  was  performed  to  amplify  the  18S  rRNA  subunit,  together 
with  a  standard  curve  to  determine  cDNA  copy  number  for  each  sample. 
Primer  sequences  were  as  follows:  18S  rRNA,  forward,  5'-CGGCTACCA- 
CATCCAAGGAA-3',  and  18S  rRNA,  reverse,  5'-GCTGGAATTACCGCG- 
GCT-3'.  Corrected  cDNA  concentrations  were  calculated  and  a  second  PCR 
reaction  was  performed  in  which  equal  amounts  of  cDNA  were  added  to 
primers  specific  for  HOXA9.  The  primer  sequences  used  to  amplify  idOX49 
cDNA  were  5'-GCTTGTGGTTCTCCTCCAGT-3'and  5'-CCAGGGTCTG- 
GTGTTTTGTA-3'.  These  primers  cross  the  exon  1-2  boundary  and  thus 
should  not  amplify  contaminating  genomic  DNA.  The  primer  sequences 
used  to  amplify  ERCAi  cDNA  were  5'-GGAACTAACCAAACGGAGCA-3' 
and  5'-TAGGTTTCTGCTGTGCCTGA-3'.  The  primer  sequences  used  to 
amplify ffOZAiO  cDNA  were  5'-TATCCCACAACAATGTCATGCTC-3'  and 
5'-GTCGCCTGGAGATTCATCAGGA-3'. 

Quantitative  real-time  PCR.  Total  RNA  was  reverse  transcribed  using  ran¬ 
dom  primers  (Amersham  Biosciences),  and  18S  rRNA  primers  were  used 
to  control  for  cDNA  concentration  in  a  separate  PCR  reaction  for  each 
sample  (see  above  for  sequences).  Primers  used  to  amplify  ffOAA9  exon 
2,  using  the  LightCycler  apparatus  (Roche  Diagnostics),  are  listed  above. 
LightCycler  Fast  Start  DNA  Master  SYBR  Green  Mix  (Roche)  was  added  to 
each  PCR  reaction  along  with  cDNA  and  1  pmol  primer  in  a  total  volume 
of  10  pi.  The  primers  and  conditions  used  to  amplify  the  BRCAl  cDNA 
junction  between  exon  12  and  13  were  previously  described  (109). 

In  situ  hybridization.  Sense  and  antisense  riboprobes  against  HOXA9  were 
generated  as  previously  described  (83).  Digoxygenin-labeled  probes  were 
prepared  using  T7  or  SP6  RNA  polymerase  (Roche).  Paraffin-embedded 
human  breast  tissue  was  hybridized  with  800  ng/ml  of  probe  as  previously 
described  (83).  Six  normal  and  four  invasive  ductal  carcinoma  human 
breast  samples  were  examined. 

Immunohistochemistry .  Formalin-fixed,  paraffin-embedded  human  breast 
tissue  sections,  lacking  any  patient-identifying  information,  were  obtained 
with  IRB  approval  from  the  University  of  Pennsylvania  and  the  Hunts¬ 
man  Cancer  Institute  Tissue  Resource  and  Acquisition  Core  Facility  with 
patient  consent.  Sections  were  deparaffinized  and  rehydrated  through 
3  concentrations  of  alcohol  and  incubated  in  3%  H2O2  for  15  minutes  to 
block  endogenous  peroxidase.  Antigen  retrieval  was  carried  out  in  0.1  M 
citrate  buffer,  pH  6.0,  at  95°C  for  20  minutes,  followed  by  20  minutes  at 
room  temperature.  Nonspecific  binding  was  blocked  using  PBS  contain¬ 
ing  1%  BSA  and  5%  goat  serum  for  30  minutes.  Sections  were  probed  with 
anti-HOXA9  (1:200)  and  anti-BRCAl  antibodies.  Biotinylated  secondary 
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antibody  and  ABC  reagent  were  used  as  directed  (Vector  Laboratories).  Fast 
red  (HOXA9)  and  DAB  (BRCAl)  were  used  as  chromogens  (Vector  Labo¬ 
ratories).  Sections  were  counterstained  with  MayeFs  hematoxylin  (Sigma- 
Aldrich).  Please  refer  to  the  supplemental  method  section  for  information 
regarding  multispectral  image  acquisition  and  analysis.  Six  normal  and 
four  invasive  ductal  carcinoma  samples  were  examined. 

Bioinformatics  analysis.  Please  refer  to  the  Supplemental  Methods  section 
for  a  detailed  description  of  the  bioinformatics  analysis. 

Statistics.  We  used  InStat  software  (Graphpad)  to  conduct  the  statistical  anal¬ 
ysis  of  our  data.  Unless  otherwise  stated,  2-tailed  Student  t-tests  were  used  for 
simple  significance  testing,  and  2-tailed  Pearson  tests  were  used  for  correlation 
analysis  (mean  ±  SEM  of  3-5  independent  experiments).  Rvalues  of  less  than 
0.05  were  considered  to  be  significant.  Unless  otherwise  noted,  n  =  3. 
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The  ATPase  subunits  of  the  SWI/SNF  chromatin  remodeling  enzymes,  Brahma  (BRM)  and  Brahma-related  gene  I  (BRGI),  can  induce 
cell  cycle  arrest  in  BRM  and  BRGI  deficient  tumor  cell  lines,  and  mice  heterozygous  for  BrgI  are  pre-disposed  to  breast  tumors, 
implicating  loss  of  BRG I  as  a  mechanism  for  unregulated  cell  proliferation.  To  test  the  hypothesis  that  loss  of  BRG I  can  contribute 
to  breast  cancer,  we  utilized  RNA  interference  to  reduce  the  amounts  of  BRM  or  BRG  I  protein  in  the  nonmalignant  mammary 
epithelial  cell  line,  MCF-IOA.  When  grown  in  reconstituted  basement  membrane  (rBM),  these  cells  develop  into  acini  that  resemble 
the  lobes  of  normal  breast  tissue.  Contrary  to  expectations,  knockdown  of  either  BRM  or  BRG  I  resulted  in  an  inhibition  of  cell 
proliferation  in  monolayer  cultures.  This  inhibition  was  strikingly  enhanced  in  three-dimensional  rBM  culture,  although  some 
BRM-depleted  cells  were  later  able  to  resume  proliferation.  Cells  did  not  arrest  in  any  specific  stage  of  the  cell  cycle;  instead,  the  cell 
cycle  length  increased  by  approximately  50%.  Thus,  SWI/SNF  ATPases  promote  cell  cycle  progression  in  nonmalignant  mammary 
epithelial  cells. 

J.  Cell.  Physiol.  223:  667-678,  2010.  ©  2010  Wiley-Liss,  Inc. 


The  mammalian  SWI/SNF  complexes  are  a  family  of 
chromatin-remodeling  enzymes  that  regulate  gene  expression 
by  disrupting  histone-DNA  contacts  in  an  ATP-dependent 
manner  (Imbalzano  et  al.,  1994;  Kwon  et  al.,  1994).  The 
complexes  are  evolutionarily  conserved  in  eukaryotes  and 
contain  either  Brahma  (BRM)  or  Brahma-related  gene  I  (BRGI) 
as  the  central  ATPase  subunit  (Khavari  et  al.,  1993;  Muchardt 
and  Yaniv,  1993;  Wang  et  al.,  1996).  SWI/SNF  enzyme 
complexes  include  other  proteins  known  as  BRG  I  and  BRM- 
associated  factors  (BAFs)  that  can  modulate  the  activity  of  the 
ATPase  subunits  and  might  provide  gene-specific  recruitment 
(Wang  et  al.,  1996).  The  BRM  and  BRGI  proteins  are  highly 
similar,  with  a  sequence  identity  of  74%  in  humans,  and  they 
display  similar  enzymatic  properties  (Khavari  et  al.,  1993; 
Muchardt  and  Yaniv,  l993;Chibaetal.,  1994;  Phelan  etal.,  1999; 
Sif  et  al.,  2001).  Both  are  involved  in  developmental  processes 
in  plants,  invertebrates,  and  vertebrates  (reviewed  in  de  la 
Serna  et  al.,  2006;  Kwon  and  Wagner,  2007).  Despite  these 
similarities,  the  two  alternative  ATPase  subunits  can  serve 
different  functions  in  the  regulation  of  differentiation, 
transcriptional  control,  and  other  important  cell  processes 
(Reyes  et  al.,  1998;  Bultman  et  al.,  2000;  Kadam  and  Emerson, 

2003) . 

BFIG I  and  BRM  are  important  for  cell  cycle  arrest. 
Reintroduction  of  BRG  I  or  BRM  into  deficient  tumor  cell 
lines  induces  cell  cycle  arrest  and  a  “flat  cell”  phenotype  by  a 
mechanism  requiring  RB  family  members  (Dunaief  et  al.,  1 994; 
Strober  et  al.,  1996;  Trouche  et  al.,  1997;  Zhang  et  al.,  2000; 
Strobeck  et  al.,  2000b).  RB  and  BRM  (or  BRGI)  cooperate  to 
repress  E2F I -mediated  activation  (Trouche  et  al.,  1997;  Wang 
et  al.,  2002)  and  repress  levels  of  CDK2,  cyclin  A,  and  cyclin  E 
(Strobeck  et  al.,  2000a,b;  Coisy  et  al.,  2004;  Roberts  and  Orkin, 

2004) .  BRM  can  compensate  for  BRG  I  loss  in  RB  signaling 
pathways,  suggesting  a  redundancy  between  the  two  factors  in 


this  mechanism  of  cell  cycle  control  (Reisman  et  al.,  2002; 
Strobeck  et  al.,  2002). 

Approximately  10%  of  mice  heterozygous  for  BrgI  develop 
tumors,  mostly  mammary  carcinomas  (Bultman  et  al.,  2008). 
This  study  and  earlier  work  (Bultman  et  al.,  2000)  firmly 
established  BRG  I  as  a  tumor  suppressor  in  vivo.  Although 
Brm  deficient  mice  do  not  present  with  tumors,  depending 
on  the  strain  background,  they  can  be  physically  larger,  with 
an  increased  tissue  and  organ  size  because  of  increased 
proliferation  (Reyes  et  al.,  1998).  In  addition,  immortalized 
fibroblasts  derived  from  Brm-deficient  mouse  embryos  have  a 
delayed  and  shorter  S-phase,  and  a  prolonged  mitosis  (Coisy- 
Quivy  et  al.,  2006).  Together,  these  previous  studies  indicate 
that  BRG  I  and  BRM  are  negative  regulators  of  cell  cycle 
progression  in  culture  and  are  likely  to  decrease  proliferation  in 
vivo.  A  logical  prediction  from  this  literature  would  be  that  the 
loss  of  BRG  I  or  BRM  should  lead  to  the  loss  of  growth  control, 
to  hyperplasia,  and  to  cancer  progression. 


Additional  Supporting  Information  may  be  found  in  the  online 
version  of  this  article. 
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The  MCF-lOA  line  immortalized  spontaneously  in  culture 
from  primary  cells  taken  from  a  patient  with  fibrocystic  disease 
(Soule  et  al.,  1 990).  The  MCF- 1 OA  line  has  a  stable,  near-diploid 
karyotype  (Soule  et  al.,  1 990;  Yoon  et  al.,  2002),  but  has  lost  the 
p  1 6  locus  (Yaswen  and  Stampfer,  2002;  Debnath  et  al.,  2003). 
The  cells  express  wild  type  p53  (Merlo  et  al.,  1995;  Debnath 
et  al.,  2003).  MCF-lOA  cells  cultured  in  three-dimensional 
reconstituted  basement  membrane  (rBM)  culture  develop 
important  features  of  normal  breast  tissue  by  a  program  of 
proliferation,  cell  cycle  arrest,  apical — basolateral  polarization, 
and  apoptosis  to  create  a  luminal  space  (Debnath  et  al.,  2002, 
2003;  Underwood  et  al.,  2006).  In  addition,  cell  nuclei  of 
mammary  epithelial  cells  forming  acini  in  three-dimensional 
rBM  culture  recapitulate  the  architecture  of  mammary 
epithelial  cells  in  tissue  (Lelievre  et  al.,  1998). 

To  address  the  function  of  the  SWI/SNF  ATPases  in  normal 
mammary  epithelial  cells,  we  generated  MCF-lOA  cells  with 
inducible  knockdowns  of  either  BRG I  or  BRM.  The  depletion  of 
either  ATPase  subunit  decreased  the  rate  of  cell  proliferation 
without  inducing  a  complete  cell  growth  arrest  in  monolayer 
culture.  The  decrease  in  proliferation  was  amplified  in 
three-dimensional  rBM  culture.  Further  analysis  demonstrated 
that  the  length  of  the  cell  cycle  increased  after  depletion  of 
either  SWI/SNF  ATPase,  indicating  a  role  for  BRG  I  and  BRM 
as  positive  regulators  of  cell  cycle  progression. 

Materials  and  Methods 
Cell  culture 

MCF-lOA  cells  from  the  Karmanos  Cancer  Institute  (Detroit,  Ml) 
were  maintained  in  monolayer  as  described  (Debnath  et  al.,  2003). 

Doxycycline-inducible  BRG  I  and  BRM  knockdowns 

Generation  of  vectors.  Lentiviral  vectors  were  from  the 
D.  Trono  lab  (www.tronolab.unige.ch)  and  obtained  from  Addgene, 
Cambridge,  MA:  pLV-tTRKRAB-Red  encoding  the  TetR-KRAB 
regulator,  pLVTHM,  for  cloning  the  shRNA,  the  packaging  vector 
pCMV-dR8.9l  and  the  Envelope  vector  pMD2.G.  The  shRNA 
sequences  for  BRG  I  and  BRM  were  from  previously  designed 
siRNAs  (Rosson  et  al.,  2005).  Annealed  oligonucleotides  were 
cloned  in  the  pSUPER.retro.puro  vector  then  inserted  between 
the  EcoRI/Clal  sites  of  pLVTHM  to  express  the  shRNA  under  the 
control  of  the  H I  promoter.  The  first  forward  sequence  was 
5'-GATCCCCGTGCGACATGTCTGCGCTG  TTCAAGACACAG- 
CGCAGACATGTCGCACTTTTTGGAAA-3'  where  the  underlined 
sequence  is  specific  forthe  BRG  I  ATPase  domain.  The  second  forward 
sequence  was  5'-GATCCCCGTCTGAAGATCGTGCTGCT- 
TTCAAGAGAAG-CAGCACGATCTTCAGACTTTTTGGAAA-3' 
where  the  underlined  sequence  is  specific  forthe  BRM  ATPase  domain. 
The  control  scrambled  (SCRAM)  forward  sequence  was 
5'-ATCCCCCAGTTACTAGACGCGATCGTTCAAGAGACGAT- 
CGCGTCTAGTAACT-GTTTTTA-3'. 

For  the  double  BRG  I  and  BRM  knockdown,  a  new  shBRM 
lentivector  was  engineered  with  Gateway®  Technology  (Invitrogen, 
Carlsbad,  CA).  The  cassette  tetO-H  I -shBRM  was  removed  from  the 
pLVTHM  and  cloned  in  the  Entry  vector  pENTRI  A-no  ccdB  (a  gift  of 
Eric  Campeau)  used  to  transfer  the  shBRM  expression  cassette  into  a 
lentiviral  destination  vector.  We  used  the  promoter-less  lentiviral 
destination  vector  pLenti  2X  Puro  DEST,  clone  #wl  6. 1  (E.  Campeau), 
which  contains  elements  that  allow  packaging  of  the  construct  and  a 
puromycin  resistance  marker  for  selection  of  stably  transduced  cells 
(Campeau  et  al.,  2009).  The  LR  Recombination  Reaction  was 
performed  by  using  the  Gateway  LR  clonase^"^  II  enzyme  Mix 
(Invitrogen). 

Lentivirus  production.  5x10^  293T  cells  were  seeded  in  a 
1 0  cm  dish  and  transfected  the  following  day  with  the  Lipofectamine® 
2000  reagent  (Invitrogen).  Viral  supernatants  were  collected  and 
0.45  fxm  filtered  at  48  and  72  h  post-transfection,  then  stored 
at  -80°C. 

Transduction  of  MCF-lOA  cells.  MCF-lOA  cells  at  75% 
confluence  were  incubated  for  16  h  with  lentivirus  (LV)  diluted  in 
growth  media  containing  8  |ULg/ml  polybrene.  The  next  day  the  viruses 


were  removed,  the  cells  were  rinsed  twice  with  PBS,  and  fresh  media 
were  added.  Cells  were  passed  twice  before  FACS  sorting.  To  induce 
shRNA-GFP  expression,  Doxycycline  was  used  at  0.01 — 0.5  |ULg/ml. 

Cell  sorting 

To  obtain  a  population  of  cells  expressing  the  shRNA  and  GFP 
under  doxycycline  control,  the  cells  were  FACS-sorted  twice.  The 
first  sort  was  of  uninduced  cells  and  selected  dsRED-positive  cells 
that  constitutively  expressed  the  tTR-KRAB  protein  coupled  to 
the  dsRed  marker  (constitutive  expression).  The  second  sort  was 
performed  2  days  after  doxycycline  induction  and  selected  both 
dsRED-  and  GFP-positive  cells  that  expressed  both  shRNA  and 
GFP  after  doxycycline  induction.  Cells  were  FACS  selected  prior  to 
every  experiment. 

Western  blot  analysis 

Whole  cell  extracts  were  prepared  from  MCF-lOA  cells  in 
monolayer  culture  after  trypsinization  and  two  washes  with  5  ml  of 
cold  I  X  PBS.  Then,  cells  were  lysed  in  100  |jlI  Laemmli  lysis  buffer 
(1%  SDS,  0.04  M  Tris— HCI  pH  6.8,  6%  glycerol,  0.003% 
bromophenol  blue,  0.015  M  |3-mercaptoethanol)  for  every  10^ 
cells,  boiled  for  5  min,  and  stored  at  — 80°C.  Proteins  were 
separated  on  7.5%  SDS — PAGE,  transferred  to  a  nitrocellulose 
membranes,  and  detected  with  primary  antibodies  and  ECL 
detection  (Amersham/GE  Healthcare  Bio-Sciences,  Piscataway, 
NJ).  The  antibodies  used  were:  BRG  I  (dilution  1 :  1 000,  anti-serum; 
de  La  Serna  et  al.,  2000),  BRM  (dilution  1 :  1 000,  Abeam,  Cambridge, 
MA,  abl5597),  PI3Kinase  p85,  H-SH2  domain  (dilution  1:1000, 
Upstate/Millipore,  Billerica,  MA,  cat.  no.  06-496),  GFP  (dilution 
1:1000,  Roche,  Indianapolis,  IN,  cat.  no.  1814460),  p2l 
Wafl/Cipl(l2DI)  Rabbit  mAb  (dilution  1:1000,  Cell  Signaling, 
Beverly,  MA,  2947S),  p53  (dilution  1:1000,  Cell  Signaling,  9282), 
phospho-p53  (Seri 5)  (dilution  1:1000,  Cell  Signaling,  9284S), 
phospho-p53  (Ser46)  (dilution  1:1000,  Cell  Signaling,  252 IS), 
phospho-p53  (Ser  20)  (dilution  1 :  1 000,  Cell  Signaling,  9287S),  cyclin 
A  (BF683)  mouse  mAb  (dilution  1:1000,  Cell  Signaling,  4656), 
mTOR  (dilution  1:1000,  Millipore,  Billerica,  MA,  04-385), 
phospho-mTOR  (Ser  2448)  (dilution  1:1000,  Millipore,  09-213), 
p70  S6  kinase  (S6K)  (dilution  1:1000,  Millipore,  06-926). 

Proliferation  assays 

Direct  cell  counting.  Cells  were  grown  for  2  days  in  the 
presence  (pre-induction)  or  absence  of  doxycycline  (0.05  or 
0. 1  |ULg/ml)  prior  to  seeding  in  a  1 2-well  plate  (4,000  cells/well)  with  or 
without  doxycycline.  Cells  were  counted  daily  after  trypsin  treatment 
using  either  a  hemacytometer  or  a  Zl  Coulter  counter. 

DMA  quantification  using  the  Cyquant  cell  proliferation 
kit  (Invitrogen).  Cells  were  seeded  in  a  96-well  plate  at  different 
densities  in  triplicate.  One  plate  was  prepared  per  day  for  the  time 
course.  Cell  growth  was  stopped  by  removing  the  medium  and  freezing 
the  plate  immediately  with  storage  at  — 80°C.  The  kit  uses  a  proprietary 
green  fluorescent  dye,  Cyquant®  GR  dye,  which  exhibits  strong 
fluorescence  enhancement  when  bound  to  DNA.  Fluorescence 
was  measured  using  a  fluorescence  microplate  reader.  A  reference 
standard  curve  (with  cell  numbers  from  50  to  50,000  cells)  was  used  to 
convert  fluorescence  values  into  cell  numbers. 

Immunofluorescent  staining  of  monolayer  cultures 

Monolayer  cultures  were  prepared  following  the  methods  of 
Wagner  et  al.  (2003).  Before  mounting  coverslips  with  Prolong 
Gold  (Invitrogen),  cells  were  stained  with  DAPI  (2  |JLg/ml)  and 
DRAQ5  (Alexis,  Alexis/Enzo  Life  Sciences,  Plymouth  Meeting,  PA, 
1:5,000)  DNA  dyes  in  PBS  for  5  min  at  room  temperature  then 
washed  once  with  PBS. 

Phospho-histone  H3  (serine  10)  antibody  was  from  Upstate 
Millipore.  All  the  secondary  antibodies  (Alexa  Fluor®  488  or  568 
conjugated)  were  from  Molecular  Probes/Invitrogen,  Carlsbad, 
CA.  Forthe  observation  of  expressed  fluorescent  proteins,  cells  on 
coverslips  were  washed  in  PBS  and  directly  fixed  in  4% 
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paraformaldehyde  in  CSK  for  50  min,  rinsed  in  TBS — 0.05% 
Tween-20,  and  stained  with  DAPI  and  DRAQ5. 

BrdU  incorporation  assay 

Cell  cycle  length  of  non-synchronized  MCF-lOA  cells  was 
measured  by  labeling  cells  with  bromodeoxyuridine  (BrdU). 
2x10^  cells  were  plated  on  a  coverslip  in  each  well  of  a  6-well 
dish.  At  time  0,  BrdU  was  added  to  the  culture  medium  to  a  final 
concentration  of  20  |jlm.  At  each  time  point  (1,5,  10,  and  15  h  of 
BrdU  incorporation)  cells  were  washed  twice  with  cold  DPBS, 
permeabilized  with  0.5%  T riton  X- 1 00  in  CSK  buffer  for  3  min,  and 
fixed  with  4%  formaldehyde  in  CSK  buffer  for  20  min.  All  steps 
were  performed  on  ice.  Then  cells  were  washed  thrice  with  PBS- 
0.5%  Tween  20  for  10  min  each  at  room  temperature.  DNA  was 
denatured  by  2  N  HCI  for  30  min  at  37°C,  followed  by  two  washes 
with  PBS.  All  antibodies  were  diluted  in  TBS-I.  Coverslips  were 
incubated  with  anti-BrdU  (clone  BU-33,  Sigma-Aldrich,  St.  Louis, 
MO,  1 :400)  for  I  h  at  37°C  or  overnight  at  4°C.  The  second 
antibody  was  goat  anti-mouse  IgG  I  coupled  to  Alexa  Fluor  568 
(Invitrogen,  1:2,000).  After  each  antibody  incubation,  cells  were 
rinsed  thrice  in  PBS  containing  0.05%  Tween  20  for  1 0  min  each  at 
room  temperature.  Before  mounting  coverslips  with  Prolong  Gold 
(Invitrogen),  cells  were  stained  with  DAPI  (2  fig/ml)  and  DRAQ5 
(Alexis,  1:5,000)  diluted  in  PBS  for  5  min  at  room  temperature 
followed  by  a  last  wash  with  PBS.  Images  of  1 0  fields  were  taken  at 
low  magnification  and  BrdU-positive  cells  were  counted  in  each 
field  with  ImageJ.  A  linear  regression  was  applied  to  extrapolate  the 
time  needed  for  1 00%  to  incorporate  BrdU.  This  time  is  the  cell 
cycle  length. 

mRNA  analysis 

RNA  was  isolated  from  MCF-lOA  monolayer  culture  using  Trizol 
(Invitrogen)  and  reverse  transcribed.  The  cDNA  was  amplified 
using  the  Qiagen  HotStarTaq  Master  Mix  kit  (Qiagen,  Hilden, 
Germany,  #203445)  containing  0. 1  |jLg  of  specific  primers  and 
SYBR  green.  RT-PCR  and  real-time  PCR  were  performed  using 
procedures  previously  described  (Ohkawa  et  al.,  2006).  Primers 
for  measuring  GAS5  RNA  levels  were  CAG  TGT  GGC  TCT  GGA 
TAG  CA  (forward)  and  TTA  AGC  TGG  TCC  AGG  CAA  GT 
(reverse). 

Three-dimensional  culture  of  MCF-lOA  cells  on  reconstituted 
basement  membrane 

MCF-lOA  cells  were  cultured  in  either  Reduced  Growth  Factor 
Matrigel  without  phenol  red  (lot#  I  1 346,  BD  Biosciences,  San  Jose, 
CA)  or  Non-Reduced  Growth  Factor  Matrigel  with  phenol  red 
(lot#22704,  BD  Biosciences)  following  the  procedures  of  Debnath 
et  al.  (2003).  Briefly,  for  overlay  cultures,  cells  were  prepared  for 
three-dimensional  rBM  culture  by  growing  to  20 — 30%  confluency 
in  monolayer  and  seeding  in  a  single  cell  suspension  on  100  fxl  of 
matrigel  in  a  35  mm  well  at  7,000 — 15,000  cells/well  or  on  40  fxl 
matrigel  in  a  8-well  chamber  slide  at  5,000  cells/well.  Cells  in  rBM 
were  grown  in  assay  media  (Debnath  et  al.,  2003)  containing  2% 
horse  serum,  5  ng/ml  EGF,  and  2%  Matrigel.  All  cultures  were 
incubated  at  37°C  in  a  5%  CO2  humidified  incubator  for  up  to  20 
days.  Media  was  replaced  every  2 — 4  days.  Morphology  was 
observed  every  2  days  via  phase  contrast  microscopy.  Acinar  size 
was  determined  from  phase  contrast  micrographs.  Two  diameters 
were  measured  per  acinus  with  ImageJ  software.  The  minimum 
number  of  measured  acini  per  sample  was  15. 

Cell  counting  in  rBM  culture 

Three-dimensional  cultures  were  incubated  for  30 — 40  min  in  a 
37°C  incubator  with  0.25%  trypsin — EDTA.  As  soon  as  the 
Matrigel  was  dissolved,  the  acinar  cell  suspension  was  centrifuged 
5  min  at  1,000  rpm,  the  supernatant  was  discarded  and  the  pellet 
was  resuspended  with  0.05%  trypsin — EDTA  then  put  back  in  the 
dish  for  incubation  at  37°C.  When  a  single  cell  suspension  was 


observed,  trypsin  activity  was  stopped  with  resuspension  media 
(DMEM/F 1 2  containing  20%  horse  serum  and  antibiotics)  and  cells 
were  counted  by  trypan  blue  exclusion  in  a  hemocytometer,  or 
without  trypan  blue  with  an  automatic  cell  counter. 


Results 

Inducible  knockdown  of  SWI/SNF  ATPase  subunits  in 
MCF-lOA  human  mammary  epithelial  cells 

We  engineered  the  conditional  expression  of  a  short  hairpin 
(sh)  sequence  targeting  BRG I  (Rosson  et  al.,  2005)  in  the 
human  breast  epithelial  cell  line,  MCF- 1 OA  (Soule  et  al.,  1 990).  A 
doxycyclin-inducible  LV  (Wiznerowiczand  Trono,  2003)  stably 
introduced  the  shRNA  gene  into  MCF- 1  OA  cells.  Two  lentiviral 
constructs  were  used.  The  first  expressed  the  tTR-KRAB 
transactivator  and  dsRed  (LV-tetR-KRAB-dsRed),  whereas  the 
second  expressed  the  shRNA  and  GFP  under  tTR-KRAB 
transcriptional  repression  (LV-shBRG  I  i-GFP).  We  used  two 
different  strategies  of  lentiviral  infection  without  noting  any 
significant  difference  in  outcome.  In  some  experiments,  cells 
were  modified  in  one  step  by  a  double  infection  with  both  LVs. 
In  other  experiments,  cells  were  engineered  by  sequential 
infection,  first  with  LV-tetR-KRAB-dsRed  and,  after  sorting  for 
dsRed  fluorescence,  with  LV-shBRG  I  i-GFP.  Pools  of  cells  were 
FACS  sorted  for  dsRed  fluorescence  and  doxycycline-induced 
GFP  fluorescence,  without  a  requirement  for  cloning  or  drug 
selection  (Fig.  SI). 

This  inducible  knockdown  system  was  used  both  in 
monolayer  culture  and  in  three-dimensional  culture  in  rBM. 
As  expected,  cultures  maintained  in  the  absence  of  doxycycline 
constitutively  expressed  dsRED,  which  marks  cells  also 
expressing  the  TetR-KRAB  repressor  (Fig.  I).  This  repressor 
prevents  expression  of  the  GFP  marker  and  the  shRNA, 
which  are  both  encoded  by  the  second  virus.  Addition  of 
doxycycline-induced  expression  of  both  GFP  and  the  shRNA. 
Because  of  the  molecular  and  functional  similarity  between 
BRG  I  and  the  other  SWI-SNF  ATPase  subunit,  BRM,  we  also 
generated  MCF-lOA  cells  with  an  inducible  BRM  knockdown 
using  the  same  lentiviral  vector  system.  The  control  vector 
conditionally  expressed  a  scrambled  sequence  shRNA. 

We  evaluated  the  efficiency  of  the  BRG  I  and  BRM 
knockdown  by  Western  blotting  (Fig.  2).  Protein  lysates  were 
obtained  from  cells  expressing  the  BRG  I  shRNA,  (BRG  I  i),  the 
BRM  shRNA  (BRMi),  or  the  scrambled  sequence  control 
shRNA  (SCRAM),  with  or  without  induction  with  0.01  |jLg/ml 
doxycycline  in  monolayer  culture  for  3  days.  As  shown  in 
Figure  2  upper,  the  protein  level  of  BRG  I  was  efficiently 
knocked  down  in  BRG  I  i  cells  (compare  lanes  4  and  5),  but  was 
not  decreased  in  the  BRMi  cells  (compare  lanes  6  and  7). 
Similarly,  BRM  levels  (Fig.  2  lower)  were  not  decreased  in 
BRGli  cells  but  were  greatly  reduced  in  BRMi  cells, 
demonstrating  the  specificity  of  each  shRNA.  GFP  expression 
was  monitored  as  an  additional  marker  of  doxycycline 
induction.  Protein  levels  were  measured  by  quantification  of 
Western  blot  signals.  The  knockdown  of  BRG  I  protein  in 
BRG  I  i  cells  was  determined  to  be  75%,  whereas  the 
knockdown  of  BRM  was  90%  in  BRMi  cells,  with  minor 
variations  between  experiments.  Optimizing  this  inducible 
system,  we  determined  that  48  h  were  needed  to  get  maximal 
protein  decrease  (Fig.  S2)  at  an  optimal  concentration  of 
doxycycline  of  between  0.0 1  and  0.05  |jLg/ml  (Fig.  S3).  We  also 
noticed  a  small  but  consistent  increase  in  the  amount  of  BRM 
protein  in  the  BRG  I  i  cell  line  (Fig.  2  lower,  compare  lanes  4  and 
5)  and  a  similar  small  but  reproducible  increase  in  the  amount  of 
BRG  I  in  BRMi  cells  (Fig.  2  upper,  compare  lanes  6  and  7).  These 
observations  suggest  a  compensation  effect  in  protein  levels  of 
the  two  SWI/SNF  ATPase  subunits  BRGI  and  BRM. 
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Fig.  I.  Doxycycline-inducible  shRNA  expression  in  MCF-lOA  cells.  In  this  system,  dsRED  and  the  TET-KRAB  regulator  are  constitutively 
expressed  from  the  same  vector  whereas  GFP  fluorescence  is  expressed  only  after  doxycycline  induction  of  the  shRNA  targeting  BRG I  .Cells  were 
sorted  after  2  days  of  doxycycline  induction  (0. 1  |iJLg/ml).  Then,  after  5  days  of  culture  without  doxycycline,  cells  were  seeded  on  coverslips 
and  induced  or  not  with  0.05  juig/ml  doxycycline  for  3  days  before  fixing  with  formaldehyde  and  staining  nuclei  with  DRAQ5.  Confocal  image 
stacks,  shown  here  for  the  MCF- 1 OA-SCRAM  control  cell  line,  were  collected  for  both  monolayer  (panel  I  A,  scale  bar  =  100  luim)  and  3D  culture 
(panel  I B,  scale  bar  =  50  |ULm.).  The  micrographs  of  the  acinus  (panel  B)  were  maximum  intensity  projections.  Confocal  settings  were  held 
constant  so  that  linear  quantitative  comparisons  could  be  made  between  samples  with  and  without  doxycycline  induction. 


One  concern  with  siRNA  technology  is  the  capacity  of 
dsRNA  to  trigger  a  non-specific  interferon  response  in  some 
cellular  systems  (Bridge  et  al.,  2003;  Diebold  et  al.,  2003;  Sledz 
et  al.,  2003).  The  inclusion  of  the  scrambled  sequence  SCRAM 
controls  in  every  experiment  controlled  for  these  effects,  but  to 
further  validate  the  system,  we  directly  measured  the  level  of 
mRNAs  coding  for  the  interferon  response  genes  IFITM I ,  MX  I , 
and  OASI.  The  results  showed  that  the  interferon  response 
was  not  activated  by  any  of  the  shRNAs  in  this  experimental 
system  (data  not  shown). 

BRG  I  or  BRM  knockdown  impedes  the  early 
proliferation  stage  of  MCF-lOA  acinus  formation 

Normal  MCF-lOA  mammary  epithelial  cells,  when  cultured  in 
three-dimensional  rBM  culture,  reproduce  important  features 
of  normal  breast  tissue  in  a  well-characterized  temporal  and 
spatial  program  (Petersen  et  al.,  1 992;  Weaver  et  al.,  1 995, 
1997,  2002;  Debnath  et  al.,  2002,  2003).  An  initial  stage  of 
proliferation  produces  loosely  connected  groups  of  cells  and  is 
followed  by  cell  cycle  arrest.  Acini  form  from  these  groups  of 
cells  by  basal  deposition  of  a  basement  membrane  and  luminal 
clearance  of  cells  not  apposing  the  basement  membrane. 
Malignant  changes  in  cells  alter  this  program  of  development 
in  rBM  culture  with  the  formation  of  structures  having  an 
altered  morphology,  loss  of  cell  cycle  arrest,  and  basement 
membrane-independent  cell  survival  (Imbalzano  et  al.,  2009). 


To  determine  whether  the  depletion  of  BRG  I  caused  these 
malignant  alterations  in  acinar  development,  we  cultured  wild 
type  MCF-lOA  human  mammary  epithelial  cells,  BRGli  cells 
expressing  the  doxycycline-inducible  shRNA  targeting  BRG  I, 
and  control  SCRAM  cells  in  three-dimensional  rBM  culture. 
These  cells  were  pre-induced  with  doxycycline  2  days  before 
being  plated  on  a  layer  of  rBM  with  an  overlay  of  2%  rBM  in 
culture  medium  and  were  maintained  in  culture  for  18  days 
(Debnath  et  al.,  2003).  Twenty-four  hours  after  establishing 
these  overlay  cultures,  the  cells  from  all  three  cell  lines 
(wild-type  MCF- 1 OA,  BRG  I  i,  and  SCRAM)  had  attached  to  the 
rBM.  After  2  days,  all  the  cell  lines  formed  spherical  masses 
of  cells.  The  diameter  of  these  structures  was  measured.  As 
shown  in  Figure  3A,B,D,E  from  4  days  of  culture,  the  size  of 
the  multicellular  structures  of  BRG  I  i  cells  expressing  the 
shBRGI  after  doxycycline  induction  were  smaller  than  the 
structures  formed  from  non-induced  BRG  I  i  cells  or  from 
controls  (SCRAM  and  wild  type  MCF- 1  OA).  This  size  difference 
increased  with  time  in  culture  (Fig.  3D,E).  Dead  cells  were  rare 
as  determined  by  dye-exclusion.  Cell  counting,  performed  after 
digestion  of  the  extracellular  matrix  and  dissociation  of  the  cell 
masses,  revealed  a  dramatic  decrease  in  proliferation  (Fig.  3C). 

BRMi  cells  with  a  doxycycline-inducible  knockdown  of  BRM 
and  control  SCRAM  cells  were  grown  in  three-dimensional 
rBM  culture,  with  conditions  matched  to  the  BRG  I  knockdown 
experiments.  As  illustrated  in  Figure  4A,  the  BRMi  cells 
expressing  the  shBRM  with  doxycycline  produced  smaller 
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Fig.  2.  Doxycycline-inducible  knockdown  of  BRGI  and  BRM  in 
MCF- 1 OA  cells.  Total  protein  was  extracted  from  cells  treated  or  not 
for  3  days  with  0.01  juig/ml  doxycycline.  BRG I  (upper  gel),  BRM  (lower 
gel)  and  GFP  protein  expression  were  examined  by  Western  blotting. 
The  protein  of  0.5  X  1 0^  cells  per  lane  was  separated  by  SDS — PAGE 
(7.5%)  and  probed  with  the  indicated  antibodies.  PI3  kinase  was  the 
loading  control.  The  migration  of  protein  standards,  listed  by 
molecular  mass  in  kilodaltons,  is  shown  to  the  left  of  each  gel. 


multicellular  masses  than  the  uninduced  BRMi  without 
doxycycline  and  the  SCRAM  control  cells  (data  not  shown). 
These  changes  were  clear  from  day  4  in  culture.  The  median 
diameter  (Fig.  4B)  and  the  size  distribution  (Fig.  4C)  of  the 
multicellular  structures  were  determined.  In  the  early 
proliferation  stage  of  differentiation  (day  0  to  day  8),  the 
MCF-lOA  cells  expressing  the  shBRM  (+doxycycline) 
recapitulated  the  striking  decrease  in  proliferation  observed 
previously  with  the  BRGI  knockdown  MCF-lOA  cells.  An 
analysis  of  size  distributions  (Fig.  4C,  compare  fraction  of  acini 
with  a  diameter  <40  iJim)  showed  a  larger  fraction  of  small 
multicellular  structures  after  BRM  knockdown  than  was 
observed  in  the  controls  from  day  4  to  day  I  I .  However,  unlike 
BRG  I  i  cells,  the  difference  in  size  between  BRMi  cells  induced 
to  deplete  BRM  and  uninduced  cells  decreased  with  time  in 
culture  (see  Fig.  4A  after  day  8).  A  subset  of  cells  escaped  from 
the  growth  defect  and  formed  multicellular  structures  that 
were  larger  than  normal  acini.  Subsequent  work  has  established 
that  these  escaping  structures  have  developed  a  tumor  like 
phenotype  via  altered  integrin  expression  (V.  M.  Weaver, 
manuscript  in  preparation). 

BRG  I  and  BRM  knockdown  decreases  proliferation  in 
monolayer  culture 

To  ascertain  whether  growth  in  three-dimensional  rBM  culture 
was  required  for  this  unexpected  decrease  in  proliferation  after 
BRM  or  BRG  I  depletion,  we  grew  the  same  cell  lines  with  or 
without  doxycycline  induction  in  monolayer  culture.  After 
2  days  of  pre-induction,  we  seeded  the  different  cell  lines  at  the 
same  density  in  12-well  dishes.  Each  day  from  day  2  to  day  6, 
cells  were  trypsinized  and  counted.  A  50%  decrease  in 
cell  number  was  observed  four  or  five  days  after  seeding 


(Fig.  5A),  roughly  matching  the  4-day  delay  observed  in 
three-dimensional  culture  (see  Figs.  3  and  4). 

To  more  precisely  quantify  the  proliferation  decrease  after 
BRG  I  or  BRM  knockdown,  we  used  a  second  method  that  was 
more  robust  and  sensitive  than  simple  cell  counting,  eliminated 
the  need  for  trypsinization,  and  allowed  larger  numbers  of 
replicates  of  each  sample.  This  method  measured  the  density  of 
adherent  cells  using  a  dye  that  fluoresces  strongly  when  bound 
to  cellular  nucleic  acids,  and  confirmed  the  previous  results 
obtained  from  cell  counting.  There  was  a  50%  proliferation 
decrease  by  day  5  after  BRGI  or  BRM  knockdown  (Fig.  5B). 

To  eliminate  the  possibility  that  BRG  I  knockdown  was  only 
causing  the  detachment  of  cells,  we  manually  counted  the 
unattached  cells  suspended  in  the  culture  medium  during  the 
5  days  of  the  proliferation  assay.  Viability  was  measured  by 
trypan  blue  exclusion.  There  was  no  increase  in  the  number  of 
detached  live  or  dead  cells  after  knockdown.  We  also  examined 
whether  cellular  senescence  might  explain  the  reduced 
proliferation.  P-Galactosidase  staining  marks  senescent  cells 
(Dimri  et  al.,  1995)  and  we  observed  no  increase  in  P- 
galactosidase-positive  cells  after  knockdown.  We  also  stained 
the  cell  cultures  with  toluidine  blue  to  observe  cell  morphology 
and  detect  structural  changes  characteristic  of  senescent  or 
apoptotic  cells.  No  changes  were  observed  that  were 
characteristic  of  senescence  or  programmed  cell  death. 

A  decrease  of  proliferation  without  complete  arrest  might  be 
due  to  an  abnormal  stimulation  of  cell  contact  inhibition.  A  delay 
of  4  days  for  a  proliferation  decrease  to  become  significant 
might  be  explained  by  this  hypothesis.  Induction  of  contact 
inhibition  depends  on  cell  density  and  might  need  some  time 
after  cell  seeding  to  develop  (Nelson  and  Chen,  2003;  Liu  et  al., 
2006;  Gray  et  al.,  2008).  To  determine  whether  contact 
inhibition  was  involved  in  the  decrease  of  cell  proliferation  after 
BRGI  or  BRM  knockdown,  we  plated  the  cell  lines  on  glass 
coverslips  in  6-well  plates.  After  5  days  of  doxycycline 
induction,  we  immunostained  the  cells  with  an  antibody  that 
specifically  recognizes  the  mitosis-specific  serine  10 
phosphorylation  of  histone  H3  (Fig.  6A)  (Ajiro  etal.,  1 983;  Ajiro 
and  Nishimoto,  l985;Shibataetal.,  1 990;  Goto  etal.,  1 999;  Wei 
et  al.,  1999;  Li  et  al.,  2005;  Eberlin  et  al.,  2008).  The  fraction  of 
cells  in  mitosis  and  the  location  of  those  mitotic  cells  within  the 
epithelial  colonies  were  measured  (Fig.  6).  The  overall 
percentage  of  cells  in  mitosis  was  low,  as  would  be  expected 
after  5  days  in  culture,  but  the  number  of  mitotic  cells  after 
BRG  I  or  BRM  knock  down  was  reduced  (P  <  0.05)  relative  to 
the  uninduced  control  (Fig.  6B).  This  confirmed  the  growth 
inhibition  caused  by  BRG  I  or  BRM  depletion  using  a  third 
method,  and  showed  that  the  decrease  in  proliferation  was  not 
caused  by  a  mitotic  arrest. 

The  localization  of  mitotic  cells  was  scored  according  to 
whether  they  were  inside  the  colony,  crowded  by  other  cells, 
or  whether  they  were  at  the  edge  of  the  colony.  As  seen  in 
Figure  6A — C,  mitotic  cells  were  preferentially  located  at  the 
edges  of  colonies.  Quantification  (Fig.  6C)  was  consistent  with 
previous  studies  reporting  contact  inhibition  in  MCF-lOA  cells 
(Liu  et  al.,  2006).  The  percent  of  mitotic  cells  inside  the  colonies 
was  about  20%  and  this  was  not  significantly  changed  by 
knockdown  of  either  BRG  I  or  BRM  (Fig.  6B).  Taken  together 
these  data  are  inconsistent  with  the  hypothesis  that  a  decrease 
in  cell  proliferation  after  BRG  I  or  BRM  knockdown  was  caused 
by  the  hyper-activation  of  cell  contact  inhibition. 

Reduction  of  BRG  I  or  BRM  levels  lengthens 
the  cell  cycle 

FACS  sorting  of  propidium  iodide-  and  DAPI-stained  cells 
showed  no  significant  changes  in  the  fraction  of  cells  in  each 
phase  of  the  cell  cycle  after  reduction  of  BRG  I  or  BRM  levels. 
To  measure  the  length  of  the  cell  cycle,  we  performed  a  time 
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Fig.  3.  Decreased  proliferation  after  BRG I  knockdown  in  rBM  culture.  A:  MCF- 1  OAcells  were  seeded  with  orwithout  doxycycline  in  Matrigel.  The 
micrograph  for  day  0  shows  the  initial  monolayer  culture.  Every  2  days,  media  with  or  without  doxycycline  were  replaced  and  phase  contrast 
micrographs  were  taken.  Decreased  proliferation  was  observed  from  day  4  in  MCF-I OA  cells  expressing  the  shRNA  targeting  BRG  I 
(+doxycycline).  Size  bar:  1 50  luim.  B:  Representative  micrographs  of  MCF- 1  OA  BRG  I  i  acini  grown  in  the  presence  or  absence  of  doxycycline 
for  1 5  days.  These  pictures  were  among  those  used  to  make  the  measurements  of  acinar  diameter  presented  in  part  D.  Size  bar:  1 50  luim.  C:  The 
three-dimensional  Matrigel  cultures  were  trypisinized  to  obtain  a  single  cell  suspension  at  different  times  after  seeding  (days  4  and  9).  Then,  cells 
were  counted  both  using  a  hemacytometer  with  trypan  blue  to  detect  dead  cells,  and  with  an  automatic  cell  counter.  The  asterisk  indicates  that  no 
increase  of  trypan  blue  positive  dead  cells  was  detected  in  the  BRG  I  i  cells  grown  with  doxycycline.  D:  Median  acinar  diameter  during  differentiation. 
For  each  cell  sample,  the  median  acinus  size  was  calculated  (n  >  1 0  acini  with  2  measurements  of  diameter  for  each  acinus).  Statistical  analysis  was 
by  a  Student’s  t-test.  The  comparisons  had  a  high  degree  of  statistical  significance  <  0.0 1 ).  E:  Size  distribution  of  acini.  The  percentage  of  acini 

with  a  diameter  smaller  than  22  juim,  contained  in  the  interval  22 — 65  juim,  65 — I  1 0  juim,  or  greater  than  I  1 0  juim  were  calculated. 
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course  experiment  after  pulse  labeling  cells  with  BrdU  (Fig.  7). 
BrdU  is  only  incorporated  into  DNA  during  S-phase,  so  we 
were  able  to  measure  the  cell  cycle  length  of  each  cell  line  by 
counting  the  fraction  of  BrdU  positive  cells  at  different  times 
after  pulse  labeling.  Using  a  linear  regression  method,  we 
extrapolated  the  results  to  100%  incorporation,  which 
corresponded  to  the  time  needed  for  one  complete  cell  cycle 
(Fig.  7A).  The  normal  cell  cycle  length  of  wild-type  MCF-lOA 
cells,  control  SCRAM  cells,  and  uninduced  BRG  I  and  BRM 
knockdown  cells  (no  doxycycline)  was  18 — 22  hours  (Fig.  7A, 
B).  The  induced  BRG  I  and  BRM  knockdown  cells  exhibited  a 
longer  cell  cycle  of  3 1 — 32  hours.  We  concluded  that  an  extra 
10 — 14  hours  were  needed  to  complete  one  cell  cycle  for 
MCF-lOA  cells  depleted  for  either  BRG  I  or  BRM  and, 
consequently,  that  BRG  I  and  BRM  regulate  cell  cycle  length. 

A  BRG  I -BRM  double  knockdown  is  lethal 

The  reciprocal  increase  of  BRM  protein  level  in  BRG  I  knock¬ 
down  MCF-lOA  cells  and  an  increase  in  BRGI  levels  in  BRM 
knockdown  cells  (Fig.  2)  implicates  a  compensatory  mechanism 
for  these  two  ATPase  subunits.  This  suggests  that  a  more 
severe  phenotype  might  result  from  knocking  down  both  BRM 
and  BRG  I .  To  evaluate  this,  we  created  a  double  knockdown  in 
MCF-lOA  cells.  MCF-lOA  cells  with  a  doxycycline-inducible 
knockdown  of  BRG  I  were  infected  with  a  LV  expressing  both 
shRNA  targeting  BRM  and  a  puromycin  resistance  gene.  After 
adding  doxycycline  and  puromycin  to  the  media,  most  of  these 
cells  died  and  the  remaining  drug-resistant  cells  did  not  show 
the  expected  decrease  in  BRM  protein.  Presumably,  the  drug 
treatment  conditions  selected  for  cells  that  escaped  BRM 
knockdown.  As  a  control,  MCF-lOA  cells  expressing  only 
the  TetR-KRAB  regulator  were  infected  under  the  same 
conditions.  After  selection  and  doxycycline  induction,  there 


was  minimal  cell  death  and  these  cells  showed  the  expected 
BRM  knockdown  (data  not  shown). 

Upregulation  of  GASS  in  cells  depleted  for  BRM 

To  address  the  mechanisms  reducing  proliferation  rates  in 
MCF 1 0-A  cells  with  reduced  BRG  I  or  BRM,  a  number  of  cell 
cycle  regulators  were  examined.  Most  of  these  were  not 
altered  after  BRG  I  or  BRM  knockdown. 

One  difference  observed  was  in  the  levels  of  GASS  in  BRM, 
but  not  BRGI,  deficient  cells.  GASS  is  an  alternatively  spliced, 
long  non-coding  RNA  with  several  snoRNAs  in  its  introns 
(Coccia  et  al.,  1 992;  Muller  et  al.,  1 998;  Smith  and  Steitz,  1 998; 
Raho  et  al.,  2000).  Overexpression  of  specific  GASS  transcripts 
can  induce  cell  cycle  arrest  in  some  cell  lines  and  sensitize  cells 
to  apoptotic  signals  (Mourtada-Maarabouni  et  al.,  2008,  2009). 
GASS  was  reported  to  be  down-regulated  in  breast 
cancer-derived  cell  lines  (Mourtada-Maarabouni  et  al.,  2009). 
Q-PCR  using  primers  for  regions  of  GASS  common  to  all  splice 
variants  showed  that  GASS  levels  were  up-regulated  in  BRM 
depleted  MCF-lOA  cells,  but  not  BRGI  depleted  cells  (Fig.  8). 
Pathways  converging  on  GASS  are  not  yet  known,  but  our 
data  establish  a  correlation  between  the  overexpression  of 
a  noncoding  RNA  that  can  negatively  regulate  cell  cycle 
progression  and  the  decreased  proliferation  of  MCF-lOA  cells 
after  BRM  reduction. 

Cyclin  A  has  been  implicated  in  cell  cycle  control  by  BRG  I 
during  RB-mediated  cell  cycle  arrest  (Strobeck  et  al.,  2000b; 
Zhang  et  al.,  2000)  and  is  a  direct  target  of  BRM  in  some 
cells  (Coisy  et  al.,  2004).  We  observed  no  differences  in  the 
expression  level  of  cyclin  A  in  either  BRG  I  or  BRM  deficient 
MCF  1 0-A  cells  (Fig.  S4A).  The  mTOR  pathway  can  also  affect 
cell  cycle  progression  via  control  of  translation  (Ma  and  Blenis, 
2009).  Western  blot  analysis  of  mTOR,  phopho-mTOR,  and 
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Fig.  4.  MCF- 1 OA  cells  induced  to  knock  down  BRM  formed  acini  with  a  more  variable  median  size  in  rBM  culture.  A:  MCF- 1 OA  cells  with  an 
inducible  BRM  knockdown  or  control  scrambled  shRNA  were  seeded  in  Matrigel  overlay  culture.  Cultures  were  fed  every  2  days  with  medium 
containing  0.05  jijlm  doxycycline  or  medium  without  doxycycline.  Every  2  days  phase  contrast  micrographs  were  taken  of  the  live  cultures.  Smaller 
acini  were  observed  from  day  4  in  the  MCF- 1  OA  cells  expressing  the  shRNA  targeting  BRMi  (+doxycycline).  No  differences  in  size  were  observed  in 
MCF- 1  OA  cells  expressing  scrambled  shRNA  in  the  presence  or  absence  of  doxycycline  (data  not  shown).  Size  bar:  250  luim.  Most  acini  were  smaller 
after  the  induced  knockdown  of  BRM,  but  a  few  acini  were  able  to  escape  this  decrease  in  proliferation.  B:  For  each  cell  line  and  condition, 
the  median  acinar  diameter  was  calculated  from  micrographs  including  the  one  in  part  A.  Two  measurements  of  diameter  were  averaged  for 
each  acinus  and  more  than  24  acini  were  measured  for  each  sample  and  time  point.  Statistical  analysis  was  by  a  Student’s  t-test.  The  comparisons 
marked  with  one  asterisk  were  significant  (P  <  0.05)  and  those  marked  with  two  asterisks  (**)  were  highly  significant  (P  <  0.0 1).  C:  The  size 
distribution  of  acini  in  3D  culture  is  shown  for  the  data  of  parts  A  and  B.  The  percent  of  acini  with  a  diameter  inferior  to  40  juim,  contained  in  the 
interval  40 — 1 20  juim,  and  contained  in  the  interval  1 20 — 200  juim  were  calculated. 


the  mTOR  downstream  target,  p70  S6K,  showed  no  changes 
due  to  BRG I  or  BRM  depletion  (Fig.  S4B). 

A  recent  report  indicated  that  BRG  I  depletion  activated  p53 
in  several  tumor  cell  lines  (Naidu  et  al.,  2009).  We  examined 
total  p53  and  serine- 1 5  phosphorylated  p53  protein  levels  in 
BRG  I  -  and  BRM-depleted  MCF  1 0-A  cells  by  Western  blot,  but 
observed  no  increase  (Fig.  S4C)  as  might  be  expected  if  the  p53 
pathway  were  activated. 


Discussion 

BRG  I  and  BRM  depletion  reduces  proliferation  in 
MCF-lOA  mammary  epithelial  cells 

We  knocked  down  BRG  I  and  BRM  in  MCF-lOA  cells,  an 
immortalized  but  largely  normal  mammary  epithelial  cell 
line  (Soule  et  al.,  1 990;  Yoon  et  al.,  2002).  Grown  in 
three-dimensional  rBM  culture,  MCF-lOA  cells  form  acini  that 
resemble  structures  in  normal  breast  tissue  (Debnath  et  al., 
2002).  Contrary  to  expectations,  we  did  not  observe  an 
increased  rate  of  proliferation  in  either  monolayer  or 
three-dimensional  rBM  culture.  rBM  cultures  of  breast 
tumor-derived  cells  (Weaver  et  al.,  1 997)  or  of  malignant  cells 
engineered  from  MCF-lOA  cells  (Miller  et  al.,  1 993;  Dawson 
et  al.,  1 996;  Strickland  et  al.,  2000;  Santner  et  al.,  200 1)  form 
larger,  disorganized  structures  without  proliferation  arrest 
or  lumen  formation  (Imbalzano  et  al.,  2009).  BRG  I  depleted 
MCF-lOA  cells  did  not  have  a  tumor-like  phenotype.  Instead, 


the  cells  grew  more  slowly  in  monolayer  culture  and,  in  rBM 
culture,  they  failed  to  expand  or  form  acini.  MCF- 1  OA  cells  with 
reduced  BRM  levels  also  proliferated  more  slowly  on  average  in 
both  monolayer  and  for  the  first  6  days  in  three-dimensional 
rBM  culture. 

Multiple  methods  confirmed  the  decrease  in  proliferation  of 
both  BRG  I  and  BRM  knockdown  MCF- 1  OA  cells.  In  monolayer 
culture,  cells  having  reduced  levels  of  BRG  I  or  BRM  did  not 
arrest  in  any  specific  phase  of  the  cell  cycle.  BrdU  incorporation 
kinetics  definitively  showed  that  cells  having  reduced  levels  of 
BRG  I  or  BRM  simply  took  longer  to  traverse  the  cell  cycle.  The 
conclusions  that  can  be  reached  from  these  studies  are  that 
BRG  I  and  BRM  act  as  positive  regulators  of  cell  cycle 
progression  and  BRG  I  is  required  for  acinus  formation  in 
three-dimensional  rBM  culture. 

MCF- 1  OA  cells  expressing  shRNA  targeting  either  BRG  I  or 
BRM  showed  nearly  identical  decreases  in  proliferation  and 
increases  in  cell  cycle  length  in  monolayer  culture.  However, 
the  cells  remained  proliferative,  which  suggests  that  either 
protein  is  sufficient  to  support  some  proliferation.  The  proteins 
are  similar  structurally  and,  while  some  functions  are  unique  to 
one  or  the  other  ATPase  (Kadam  and  Emerson,  2003),  there 
are  also  circumstances  where  the  one  ATPase  can  compensate 
for  the  absence  of  the  other  (Reyes  et  al.,  1 998;  Strobeck  et  al., 
2002).  Given  that  cells  died  when  we  attempted  to  knock  down 
both  BRG  I  and  BRM,  and  that  in  the  absence  of  one  protein  the 
levels  of  the  other  increased  (Fig.  2),  we  propose  that  either 
BRG  I  or  BRM  is  necessary  to  promote  cell  proliferation  and 
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Fig.  5.  The  knockdown  of  BRGI  slowed  proliferation  in  MCF-lOA 
cells  grown  in  monolayer  culture.  A:  Growth  curves  for  MCF- 1 OA  cells 
after  BRGI  or  BRM  shRNA  knockdown,  or  expressing  a  scrambled 
sequence  shRNA  (SCRAM).  Cells  were  pre-incubated  for  2  days  with 
0.05  |iJLg/ml  doxycycline  (+)  before  being  seeded  in  a  12-well  dish  at 
1,500  cells  per  well  at  day  0.  Control  cells  (— )  were  not  treated  with 
doxycycline  and  did  not  express  the  shRNA.  Cells  were  trypsinized 
and  then  counted  each  day  from  day  2  to  day  5.  B:  Cell  proliferation 
was  measured  every  day  by  quantifying  DNA  (Cyquant  kit)  in  parallel 
with  the  cell  counting  of  part  A.  The  decrease  of  proliferation  was 
quantified  by  calculating  the  ratio  (%)  of  the  cell  number  with 
doxycycline  to  the  cell  number  of  the  matched  doxycycline-free 
control. 


that  the  cells  undergo  some  form  of  compensation  to  increase 
the  levels  of  the  remaining  protein  when  the  other  is  knocked 
down. 

Recently,  two  reports  have  established  a  BRG I  requirement 
for  cell  proliferation.  These  reports  differ  from  the  present 
study  in  the  cell  types  examined,  which  suggests  that  the 
function  of  BRGI,  and  likely  BRM,  is  cell  context  dependent. 
In  several  tumor  cell  lines  with  wild  type  p53,  the  depletion  of 
BRG  I ,  but  not  the  depletion  of  BRM,  led  to  activation  of  p53  and 
cell  senescence  (Naidu  et  al.,  2009).  In  contrast,  our  results  are 
in  a  non-tumorigenic  cell  and  do  not  implicate  the  p53  pathway. 
A  second  study  using  adult  fibroblasts  from  mice  that  are 
deficient  for  Brm  and/or  Brg  I  showed  that  the  absence  of  Brg  I , 
but  not  the  absence  of  Brm,  decreased  genome  integrity, 
leading  to  aberrant  mitoses  and  decreased  proliferative 
capacity  (Bourgo  et  al.,  2009).  In  contrast,  our  results  implicate 
both  BR(j  I  and  BRM  in  promoting  cell  proliferation. 

Efforts  to  address  the  mechanisms  responsible  for  decreased 
proliferation  showed  that  neither  the  p53  nor  the  mTOR 
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Fig.  6.  The  knockdown  of  BRG  I  or  of  BRM  reduced  the  percentage 
of  cells  MCF-lOA  cells  in  monolayer  culture  that  were  in  mitosis. 

A:  In  this  micrograph,  nuclei  are  stained  blue  with  DAPI  and  mitotic 
cells  are  identified  by  immunostaining  for  serine  10  phosphorylated 
Histone  H3  (green)  Size  bar:  100  luim.  The  number  of  mitotic  cells  was 
determined,  along  with  their  position  in  the  colonies.  For  example,  on 
this  picture,  the  white  arrows  show  one  peripheral  (b)  and  one 
internal  mitotic  (a)  cell.  B:  This  histogram  compares  the  percentage 
of  mitotic  cells  at  all  positions  within  colonies  after  7  days  in  the 
presence  or  absence  of  doxycycline.  The  asterisk  indicates  a 
difference  that  had  statistical  significance  (P  <  0.05).  C:  The  position 
of  mitotic  cells  in  MCF-lOA  monolayer  colonies  was  scored  from 
micrographs  including  that  of  part  A.  The  compiled  data  quantify  the 
percentage  of  mitotic  cells  at  the  periphery  of  the  colony  and  the 
percentage  at  interior  positions.  For  each  cell  sample,  n  >  2,000  cells. 


pathways  were  altered  in  BRG  I  or  BRM  knockdown  MCF- 1  OA 
cells.  We  did  find  that  BRM,  but  not  BRGI,  deficient  cells 
contained  elevated  levels  of  the  large  non-coding  RNA,  GASS. 
GASS  is  an  inhibitor  of  cell  cycle  progression,  but  is  also 
reported  to  sensitize  cells  to  apoptotic  signaling  (Mourtada- 
Maarabouni  et  al.,  2009).  We  observed  no  apoptosis  after  BRM 
knockdown.  The  correlation  between  cell  cycle  length  and 
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Fig.  7.  The  knockdown  of  BRG I  orof  BRM  increased  the  length  ofthe  cell  cycle  as  determined  by  pulse  labeling  with  BrdU.  A:  Cell  cycle  length  was 
measured  from  a  time  course  of  BrdU  incorporation.  The  graph  plots  the  percent  of  BrdU  positive  cells  as  a  function  of  time  in  hours.  A  linear 
extrapolation  to  the  time  when  1 00%  of  cells  were  BrdU-positive  cells  calculated  the  mean  length  of  asingle  cell  cycle.  B:  Calculated  according  to  the 
linear  regression  method,  the  time  in  hours  needed  for  30%,  50%,  75%  and  1 00%  of  cells  to  become  BrdU-positive.  C:  A  representative  micrograph 
from  which  the  measurements  of  parts  A  and  B  were  made  shows  MCF- 1 OA  cells  with  the  SCRAM  control  shRNA  in  absence  of  doxycycline  after 
5  hours  in  BrdU.  The  number  of  BrdU  positive  cells  (lower)  and  the  number  of  total  cells  (upper,  DAPI  fluorescence)  were  counted.  Seven  fields 
were  analyzed  for  each  group  in  each  of  two  independents  experiments. 


elevated  GASS  RNA  was  observed  only  for  BRM-deficient 
MCF- 1  OA  cells,  despite  the  similar  decrease  in  cell  proliferation 
rate  observed  after  BRG  I  knockdown.  The  mechanisms  by 
which  BRG  I  and  BRM  alter  cell  cycle  progression  may  be 
different. 


Fig.  8.  Overexpression  of  GAS5  RNA  in  BRM,  but  not  BRG  I, 
deficient  cells.  Real-time  PCR  analysis  of  GAS5  RNA  levels  in  each  cell 
line.  The  data  represent  the  mean  plus  or  minus  a  standard  deviation 
for  three  independent  experiments. 


BRG  I  in  breast  cancer  progression 

There  are  numerous  links  between  BRG  I,  BRM,  and  cancer. 
While  BrgI  null  mice  are  embryonic  lethal,  heterozygous  BrgI 
mice  have  an  increased  susceptibility  to  epithelial  tumors  ofthe 
breast  (Bultman  et  al.,  2000, 2008).  Tissue-specific  knockout  of 
one  BrgI  allele  in  the  lung  potentiates  tumor  formation  in  an 
induced  carcinogenesis  model  (Glaros  et  al.,  2008).  In  contrast, 
Brm  null  mice  are  viable  and  do  not  have  increased  tumor  rates, 
a  result  attributed  to  compensation  for  Brm  loss  by  elevated 
levels  of  BrgI  (Reyes  et  al.,  1 998).  In  addition,  the  knockout 
of  Brm  does  not  cause  additional  tumors  in  Brgl+/—  mice 
(Bultman  et  al.,  2008).  Despite  the  lack  of  tumor  formation 
in  Brm  null  mice,  the  levels  and  localization  of  BRM  have 
prognostic  value  in  staging  human  lung  tumors  (Reisman  et  al., 
2003;  Fukuoka  et  al.,  2004). 

Our  results  strongly  suggest  that,  at  least  in  normal 
mammary  epithelial  cells,  reduction  of  BRG  I  or  BRM  protein 
levels  does  not  cause  a  loss  of  proliferation  control  leading 
to  accelerated  growth.  These  are  different  results  than  those 
obtained  in  prior  studies  using  tumor  cells,  where  loss  of 
BRG  I /BRM  accelerates  proliferation.  This  transformation- 
specific  difference  might  be  due  to  additional  genetic  lesions 
accumulating  in  cancer  cells  prior  to  loss  of  BRG  I  or  BRM 
function. 

In  conclusion,  both  BRG  I  and  BRM  are  positive  regulators  of 
normal  mammary  cell  cycle  progression.  Despite  previous 
studies  indicating  that  loss  of  one  BrgI  allele  predisposes  mice 
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to  breast  tumors,  significant  reduction  of  BRG I  levels  in  normal 
but  immortalized  human  mammary  epithelial  cells  does  not 
promote  properties  associated  with  tumor  or  transformed 
cells.  This  suggests  that  reduction  of  BRG  I  levels  is  not 
sufficient  for  mammary  epithelial  cell  transformation.  BRGI 
is  required  for  acinus  formation  in  three-dimensional  rBM 
culture,  a  model  system  that  recapitulates  many  aspects  of 
normal  breast  tissue  development.  These  results  are  consistent 
with  previous  observations  that  functional  SWI/SNF  ATPases 
are  necessary  for  the  development  and  differentiation  of  many 
tissue  types  (reviewed  in  de  la  Serna  et  al.,  2006).  We  propose 
that  SWI/SNF  ATPases,  and  BRG  I  in  particular,  contribute  to 
normal  cell  growth  and  differentiation,  whereas  the 
contribution  of  BRG  I  deficiency  to  oncogenesis  requires 
additional  genetic  changes. 
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Vascular  disease,  such  as  atherosclerosis,  is  accompanied  by  changes  in  the  mechanical  properties  of  the  vessel  wall.  Although  altered 
mechanics  is  thought  to  contribute  to  disease  progression,  the  molecular  mechanisms  whereby  vessel  wall  stiffening  could  promote 
vascular  occlusive  disease  remain  unclear.  It  is  well  known  that  platelet-derived  growth  factor  (PDGF)  is  a  major  stimulus  for  the  abnormal 
migration  and  proliferation  of  vascular  smooth  muscle  cells  (VSMCs)  and  contributes  critically  to  vascular  disease.  Here  we  used 
engineered  substrates  with  tunable  mechanical  properties  to  explore  the  effect  of  tissue  stiffness  on  PDGF  signaling  in  VSMCs  as  a 
potential  mechanism  whereby  vessel  wall  stiffening  could  promote  vascular  disease.  We  found  that  substrate  stiffness  significantly 
enhanced  PDGFR  activity  and  VSMC  proliferation.  After  ligand  binding,  PDGFR  followed  distinct  routes  of  activation  in  cells  cultured  on 
stiff  versus  soft  substrates,  as  demonstrated  by  differences  in  its  intensity  and  duration  of  activation,  sensitivity  to  cholesterol  extracting 
agent,  and  plasma  membrane  localization.  Our  results  suggest  that  stiffening  of  the  vessel  wall  could  actively  promote  pathogenesis  of 
vascular  disease  by  enhancing  PDGFR  signaling  to  drive  VSMC  growth  and  survival. 

J.  Cell.  Physiol.  225:  I  15-122,  2010.  ©  2010  Wiley-Liss,  Inc. 


Uncontrolled  proliferation  and  migration  of  vascular  smooth 
muscle  cells  (VSMCs)  coupled  with  increased  deposition  of 
extracellular  matrix  (ECM)  are  major  causes  of  intimal 
thickening  during  the  development  of  vascular  occlusive  disease 
(Nikkari  et  al.,  1994;  Thyberg  et  al.,  1997;  Thyberg,  1998; 
Imanaka-Yoshida  et  al.,  200 1 ).  Moreover,  cellular  and  molecular 
compositional  changes  in  the  vessel  wall  modulate  the 
mechanical  properties  of  the  vessel  (Glagov,  1990;  Lee  et  al., 
1991;  Matsumoto  et  al.,  2002;  Jacot  et  al.,  2004).  For  example, 
the  elastic  modulus  of  a  normal  vessel  is  around  30  kPa,  but  for  a 
diseased  vessel  with  increased  VSMC  number  and  collagen 
content,  the  modulus  is  in  the  range  of  80  kPa  (Matsumoto  et  al., 
2002). 

Substrate  stiffness  influences  adhesion,  proliferation,  and 
differentiation  in  a  variety  of  cell  types  (Pelham  and  Wang,  1 997; 
Wang  et  al.,  2000;  Paszek  and  VVeaver,  2004;  Engler  et  al., 
2004b;  Paszek  etal.,  2005;  Friedland  etal.,  2009).  Specifically,  we 
and  others  have  found  that  VSMC  migration  and  proliferation 
increase  with  substrate  stiffness  (Wong  et  al.,  2003;  Engler  et  al., 
2004a;  Brown  et  al.,  2005;  Peyton  and  Putnam,  2005;  McDaniel 
et  al.,  2007;  Isenberg  et  al.,  2009).  Such  findings  suggest  that 
VSMC  behavior  could  be  modified  due  to  increased  vessel 
stiffness  during  the  development  of  vascular  disease. 

Cells  sense  the  mechanical  properties  of  their  substrate 
through  integrins  (Wang  et  al.,  2001;  Ingber,  2003b;  Katsumi 
et  al.,  2004;  Paszek  et  al.,  2005).  Changes  in  substrate  stiffness 
can  potentially  influence  cellular  responses  to  growth  factors 
through  cross-talk  between  integrin  and  growth  factor 
receptor  (GFR)  signaling  pathways.  As  reviewed  in  an  article  by 
Lee  and  Juliano,  common  downstream  signaling  molecules  such 
as  Ras,  Rho,  FAK,  and  PI3K  integrate  simultaneous  inputs  from 
integrins  and  GFRs  to  generate  a  single  mitogenic  output 
(Miranti  and  Brugge,  2002;  Lee  and  Juliano,  2004). 

Integrin  and  GFR  cross-talk  often  occurs  in  lipid  rafts.  Lipid 
rafts  are  cholesterol-rich,  organized  lipid  membrane 


microdomains.  They  play  a  central  role  in  the  signal 
transduction  of  cell  surface  receptors  because  many  essential 
downstream  signaling  molecules  are  targeted  to  the  rafts  from 
the  cytosol  through  post-translational  modification  (Simons 
and  Toomre,  2000;  Simons  and  Ehehalt,  2002;  Resh,  2004).  By 
bringing  the  cell  surface  receptors  and  their  downstream 
effectors  into  close  proximity  to  each  other,  these  organized 
lipid  membrane  microdomains  increase  the  efficiency  of  these 
signaling  processes.  It  has  been  demonstrated  by  many  groups 
that  disruption  of  lipid  rafts  by  sequestering  cholesterol 
significantly  decreases  the  activities  of  the  cell  surface  receptors 
(Stehr  et  al.,  2003;  Decker  and  ffrench-Constant,  2004;  Makoto 
et  al.,  2004;  Arcaro  et  al.,  2007). 

Platelet-derived  growth  factor  (PDGF)  plays  a  major  role  in 
VSMC  migration  and  proliferation  during  the  development  of 
vascular  occlusive  disease  (reviewed  in  Raines,  2004).  Although 
PDGF  mRNA  has  been  detected  in  both  healthy  and  diseased 
vessels  (Barrett  and  Benditt,  1988),  VSMC  migration  and 
proliferation  has  only  been  found  to  occur  in  diseased  vessels. 
Despite  the  fact  that  increased  vessel  stiffness  is  characteristic 
of  vascular  disease,  little  is  known  about  the  influence  of 
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substrate  stiffness  on  the  stimulatory  effect  of  PDGF.  We 
hypothesize  that  substrate  stiffness  modulates  VSMC  response 
to  PDGF.  In  this  study,  we  used  a  defined  model  system  that 
mimicked  the  stiffness  of  healthy  and  diseased  vessels  to 
investigate  the  effects  of  substrate  stiffness  on  VSMC  response 
to  PDGF  and  its  underlying  mechanisms. 

Materials  and  Methods 
Substrate  preparation 

Our  engineered  model  system  was  comprised  of  polyacrylamide 
(PAAm)  gels  with  RGD  peptides  incorporated  into  the  bulk  of  the 
gel.  Acryloyl-PEG-GRGDSP  was  synthesized  according  to  the 
method  first  described  by  Hubbell’s  group  (Jackman  et  al.,  1999; 
Stegemann  et  al.,  2007).  Briefly,  equal  molar  of  acryloyl-PEG-N- 
hydroxysuccinimide  ester  (Nektar  Therapeutics,  San  Carlos,  CA) 
and  GRGDSP  peptide  (American  Peptide,  Sunnyvale,  CA)  were 
incubated  in  sodium  bicarbonate  buffer  (pH  8.5)  at  room 
temperature  for  2h.  Unreacted  peptide  and  sodium  bicarbonate 
were  removed  by  dialysis  in  dl  water.  PAAm  substrates  were 
prepared  as  described  previously  (Leach  etal.,  2007).  Briefly,  prior 
to  making  the  gel  solution,  25  mm  round  cover  slips  were  activated. 
Cover  slips  were  passed  through  a  Bunsen  burner  flame,  treated 
sequentially  with  0.1  M  NaOH  and  3-aminopropyltrimethyoxy 
silane  (Sigma,  St.  Louis,  MO),  washed  with  distilled  water,  and  then 
incubated  with  0.5%  glutaraldehyde  (Polysciences,  Warrington, 
PA)  for  30  min  at  room  temperature.  A  typical  acrylamide/bis- 
acrylamide  mixture  contained  10%  acrylamide  (Bio-Rad,  Hercules, 
CA),  0.03-0.3%  bis-acrylamide  (Bio-Rad),  0.05  M  HEPES,  0.15% 
TEMED  (Sigma),  0.05%  ammonium  persulfate  (Sigma),  and  10  fxM 
acryloyl-PEG-GRGDSP.  The  stiffness  of  the  PAAm  substrate  was 
modulated  by  changing  the  bis-acrylamide  concentration.  A  30  fxl 
drop  of  the  gel  solution  was  cast  between  an  activated  and  non- 
activated  cover  slip  and  allowed  to  polymerize  at  room 
temperature.  The  non-activated  cover  slip  was  then  removed,  and 
the  substrates  were  incubated  in  2  M  glycine  overnight  to  quench 
the  residual  unreacted  acryloyl-PEG-N-hydroxysuccinimide  ester 
in  the  gel.  All  gels  were  washed  thoroughly  with  PBS  before  each 
experiment. 

Substrate  characterization 

The  stiffness  of  the  substrates  was  determined  by  a 
microindentation  method  (jacot  et  al.,  2006).  Briefly,  a  lOOfxm 
diameter  glass  bead  attached  to  a  glass  fiber  was  used  as  indenter 
tip.  Images  were  captured  as  the  tip  was  lowered  into  the  substrate. 
Indenter  tip  displacement  and  deflection  were  measured  from  the 
images,  and  the  elastic  modulus  of  the  substrate  was  calculated 
from  the  unloading  portion  of  the  indenter  tip  force  versus 
displacement  curve. 

The  rate  of  acryloyl-PEG-GRGDSP  incorporation  into  the 
substrate  was  determined  using  I-I25-Iabeled  peptide.  Briefly, 

1 0  fxCi  I- 1 25-labeled  YRGDS  (5  fiCi/iJLg,  Phoenix  Pharmaceuticals, 
Belmont,  CA)  was  mixed  with  I  mg  GRGDSP  and  acryloyl-PEG-N- 
hydroxysuccinimide  ester  to  generate  I- 1 25-labeled  ligand.  The 
resulting  product  was  then  used  to  cast  gels  with  different  stiffness 
values,  and  the  radioactivity  of  the  substrates  was  measured  with  a 
gamma-counter.  The  amount  of  ligand  per  square  micron  of  each 
substrate  throughout  the  thickness  of  the  gel  was  calculated 
assuming  that  I- 1 25-labeled  YRGDS  and  unlabeled  GRGDSP  had 
the  same  incorporation  rate. 

The  surface  ligand  density  was  determined  by  ELISA  using  biotin- 
labeled  peptide  (GRGDSPY-biotin,  American  Peptide).  Briefly, 
biotin-labeled  GRGDSPY  was  mixed  with  GRGDSP  at  a  1:100 
molar  ratio  to  generate  a  mixture  of  biotinylated  and  non- 
biotinylated  ligand,  which  were  then  used  to  cast  substrates.  After 
blocking  with  2%  BSA  and  0.1%  Tween-20,  the  substrates  were 
incubated  first  with  monoclonal  rabbit  anti-biotin  antibody 
(Abeam,  Inc.,  Cambridge,  MA)  at  1:5,000  dilution  and  then  with 


HRP-labeled  anti-rabbit  antibody  at  1:10,000  dilution  (Jackson 
ImmunoResearch  Labs,  West  Grove,  PA).  Soluble  TMB  substrate 
(Thermo  Fischer,  Rockford,  IL)  was  used  for  colorimetric 
measurements  (OD450)  to  determine  the  surface  ligand  density. 

Cell  culture  and  manipulations 

Primary  bovine  VSMCs  (AG08504,  Coriell  Cell  Repositories, 
Camden,  NJ)  were  maintained  in  Dulbecco’s  Modified  Eagle 
Medium  (DMEM)  supplemented  with  10%  bovine  calf  serum, 

200  mM  L-glutamine,  and  penicillin-streptomycin  in  a  5%  CO2 
humidified  incubator.  All  cell  culture  reagents  were  from 
Invitrogen  (San  Diego,  CA).  Cells  with  passage  number  between  1 0 
and  1 5  were  used  for  the  experiments. 

For  projected  cell  area  analysis,  VSMCs  were  serum  starved  for 
2  days  before  being  seeded  onto  the  substrates  in  serum-free 
media  at  a  density  of  lO^cells/cm^.  After  4h  of  attachment,  non¬ 
adherent  cells  were  removed  and  phase  contrast  Images  were 
captured  at  10  random  positions  of  each  substrate.  Projected  cell 
area  was  analyzed  using  ImageJ  software  (National  Institute  of 
Health).  The  areas  of  at  least  1 00  cells  were  determined  for  each 
substrate. 

For  cell  growth  studies,  VSMCs  cultured  on  soft  and  stiff 
substrates  were  serum  starved  for  24  h  before  stimulation  with 
0.5%  serum  with  or  without  lOng/ml  PDGF-BB  (R&D  Systems, 
Minneapolis,  MN).  The  number  of  cells  at  the  day  of  stimulation 
(day  0)  and  3  days  after  stimulation  (day  3)  was  analyzed  using  the 
acid  phosphatase  assay.  The  rate  of  cell  growth  was  calculated  by 
dividingthe  number  of  cells  on  day  3  by  the  number  of  cells  on  day  0. 

For  analysis  of  PDGFR  activation,  VSMCs  were  serum  starved 
for  24  h.  Just  before  PDGF-BB  stimulation,  VSMCs  were  treated 
with  or  without  lOmM  methyl-|3-cyclodextrin  (MBCD,  Sigma)  for 
I  h.  After  PDGF-BB  stimulation,  cells  were  lysed  in  a  buffer 
containing  20  mM  T ris,  pH  7.4,  1 50  mM  NaCI,  I  %  T riton  1 00, 5  mM 
EDTA,  5  mM  EGTA,  I  mM  PMSF,  I  |jLg/ml  leupeptin,  I  fxg/ml 
aprotinin,  and  0.2  mM  Na3V04. 

Western  blot 

Cell  lysates  with  equal  amounts  of  total  protein  were  separated  on 
denaturing  SDS-polyacrylamide  gels  and  transferred  onto 
polyvinylidene  fluoride  membranes  (Millipore,  Bedford,  MA). 
Phosphorylated  PDGFR  was  detected  with  PY20  (BD 
Transduction  Laboratories,  San  Diego,  CA),  and  total  PDGFR  was 
detected  with  PDGFR-|3  anti-serum  (a  generous  gift  from  Dr. 
Kazlauskas  at  the  Schepens  Eye  Research  Institute).  The  blots  were 
analyzed  with  ImageJ  software,  and  the  level  of  PDGFR 
phosphorylation  was  normalized  to  total  PDGFR.  Fold  PDGFR 
activation  in  PDGF-BB-treated  samples  was  calculated  against 
untreated  samples. 

Immunocytochemistry  and  fluorescent  microscopy 

Adherent  VSMCs  were  fixed  with  3%  phosphate-buffered  formalin 
for  20  min  and  permeabilized  with  0.5%  TritonX-IOO.  F-actin  was 
stained  with  Rhodamine-labeled  Phalloidin  (Invitrogen,  Inc., 
Carlsbad,  CA),  and  cell  nuclei  were  stained  with  Hoechst  33342 
(Invitrogen,  Inc.,  Carlsbad,  CA).  To  visualize  PDGFR  activation  and 
lipid  microdomains,  samples  were  subjected  to  MBCD  and/or 
PDGF  treatment  as  described  above.  After  fixing  and 
permeabilization,  non-specific  binding  was  first  blocked  with  2.5% 
goat  serum  (Vector  Laboratories,  Burlingame,  CA)  for  I  h.  The  first 
primary  antibody  incubation  was  with  rabbit  polyclonal  phospho- 
PDGFR  p  (Abeam,  Inc.)  at  a  dilution  of  1 :50  for  I  h,  followed  by  a 
second  incubation  with  FITC-conjugated  goat  anti-rabbit  antibody 
(Vector  Laboratories)  for  I  h.  Samples  were  then  washed 
3x15  min  with  PBS  and  blocked  with  2.5%  horse  serum  (Vector 
Laboratories)  for  I  h.  The  second  primary  antibody  incubation  was 
with  mouse  monoclonal  Flotillin- 1  (BD  T ransduction  Laboratories, 
Franklin  Lakes,  NJ)  at  a  dilution  of  1:250  for  I  h,  followed  by  an 
incubation  with  Texas  Red-conjugated  horse  anti-mouse  antibody 
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(Vector  Laboratories)  for  I  h,  followed  by  a  3  x  15  min  PBS  wash. 
Both  secondary  antibodies  were  used  at  the  manufacturer’s 
suggested  concentrations.  All  incubations  and  washes  were  at 
room  temperature.  Fluorescent  images  were  captured  with 
confocal  microscopy  (Olympus  FVIOOO). 


Statistical  analysis 

Statistics  were  performed  using  Student’s  t-test  assuming  equal 
variances  for  paired  comparisons  and  ANOVA  for  more  than  two 
groups  of  data. 

Results 

Characterization  of  polyacrylamide  substrates 

We  prepared  a  series  of  PAAm  substrates  with  1 0%  acrylamide 
with  varying  bis-acrylamide  concentrations  (0.03-0.3%).  As 
measured  by  microindentation,  when  the  bis-acrylamide 
concentration  was  increased  from  0.03%  to  0.3%,  the  elastic 
modulus  increased  linearly  from  19  to  84kPa  (Fig.  I  A).  These 
values  are  in  the  range  of  stiffness  that  has  been  reported  for 
normal  and  atherosclerotic  vessels  (Matsumoto  et  al.,  2002); 
thus,  we  were  able  to  tune  the  mechanical  properties  of  our 
model  substrates  to  mimic  the  stiffness  of  healthy  and  diseased 
vessels  simply  by  varying  the  bis-acrylamide  concentration. 

Changes  in  ligand  density  influence  cell  adhesion,  migration, 
and  proliferation  (Rowley  and  Mooney,  2002;  Gaudet  et  al., 
2003;  Rajagopalan  et  al.,  2004;  Engler  et  al.,  2004a).  To  ensure 
that  substrate  stiffness  was  the  only  variable  in  our  model 
system,  we  used  I-  125-labeled  YRGDS  to  calculate  the  rate  of 
peptide  incorporation.  When  the  elastic  modulus  increased 
from  19  to  84kPa,  we  found  no  statistical  differences  in  the 
peptide  concentration  in  the  bulk  of  the  gel  (5,846  ±452 
molecule/fim^,  P  —  037,  Fig.  IB).  We  also  compared  the 
amount  of  peptide  on  the  gel  surface  available  for  cell  binding 
using  biotinylated  GRGDSPY  peptide  and  anti-biotin  antibody. 
When  the  input  peptide  concentration  in  the  initial  gel  mix  was 
increased  from  0.04  to  40  |jlM,  the  peptide  surface 
concentration  increased  linearly  at  first,  which  then  reached  a 
maximum  at  4  |jlM  input  peptide  concentration  for  the  84  kPa 
gels  and  1 0  |jlM  for  the  3 1  kPa  gels  (Fig.  I C).  We  did  not  detect 
any  statistical  differences  in  the  surface  peptide  density  between 
3 1  kPa  gels  and  84  kPa  gels  at  peptide  input  concentrations 
above  0.04  |jlM.  In  order  to  ensure  maximum  and  equal  surface 
ligand  concentration  on  our  substrates,  we  used  a  peptide  input 
of  10  |jlM  throughout  our  study. 

Increase  in  substrate  stiffness  leads  to  increased 
cytoskeletal  organization  and  VSMC  proliferation 

Using  our  model  system,  we  first  investigated  whether  changes 
in  mechanical  properties  of  substrates  mimicking  vessel 
stiffness  would  affect  VSMC  survival  and  proliferation.  For 
anchorage-dependent  cells,  cell  adhesion  regulates  cell  survival 
and  proliferation.  Successful  cell  adhesion  is  indicated  by  an 
increase  in  projected  cell  area  and  the  formation  of  stress  fibers. 
From  short-term  (4  h)  adhesion  studies,  we  found  that 
projected  cell  area  and  the  formation  of  stress  fibers  increased 
significantly  with  increased  substrate  stiffness  (Fig.  2A,B).  The 
projected  cell  area  on  the  84  kPa  substrates  was  1 .8-fold  larger 
than  on  the  3 1  kPa  substrates  (P<  0.01),  which  in  turn  was 
1.6-fold  larger  than  on  the  19  kPa  substrates  (P<  0.01) 

(Fig.  2A).  On  l9kPa  substrates,  F-actin  was  diffuse  and 
concentrated  around  the  nucleus.  In  contrast,  on  84kPa 
substrates,  stress  fibers  were  fully  formed  in  the  cell  body 
(Fig.  2B). 

VSMCs  did  not  adhere  well  on  the  1 9  kPa  substrate  and  did 
not  survive  overnight  culture.  We  therefore  concentrated  our 
study  on  the  3 1  kPa  substrate,  which  mimicked  the  stiffness  of  a 
healthy  vessel,  and  the  84  kPa  substrate,  which  mimicked  the 
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Fig.  I.  Substrate  characterization.  A:  Substrate  stiffness  increases 
with  bis-acrylamide  concentration  (n  =  1 0).  B:  Ligand  concentration 
in  the  bulk  of  the  substrate  remains  the  same  as  substrate  stiffness 
increases  (n  =  3).  C:  Surface  ligand  densities  are  dependent  on  input 
peptide  concentration  but  not  substrate  stiffness  (n  =  3).  All  error 
bars  represent  standard  deviation. 


stiffness  of  a  diseased  vessel.  After  3  days  of  serum  stimulation, 
there  was  no  statistically  significant  change  in  the  number  of 
VSMCs  on  3  I  kPa  substrates;  the  number  of  VSMCs  on  84  kPa 
substrates,  however,  was  almost  threefold  the  original  number 
before  the  start  of  stimulation  (Fig.  2C).  After  3  days  of 
combined  serum  and  PDGF-BB  stimulation,  the  number  of 
VSMCs  on  3 1  kPa  substrates  was  only  1 .6-fold  of  the  original 
number,  while  the  number  of  VSMCs  on  84  kPa  substrates 
reached  4.5-fold  the  original  number  (Fig.  2C).  These  results 
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eliminate  the  possible  activation  of  PDGFR  by  serum,  we 
exposed  serum-starved  VSMCs  to  PDGF-BB  and  investigated 
the  level  of  PDGFR  activation  on  3  I  and  84  kPa  substrates. 
Using  PY20,  a  general  antibody  that  recognizes  phosphorylated 
tyrosine,  we  identified  three  phosphorylated  proteins  in  VSMC 
lysates  at  190,  125,  and  90kDa  (Fig.  3A).  Because  190  and 
1 25  kDa  are  the  molecular  weights  (MW)  for  PDGFR  and  FAK, 
respectively  (Heldin  et  al.,  1983),  it  is  likely  that  the  1 90  kDa 
protein  corresponds  to  phosphorylated  PDGFR,  and  the 
125  kDa  protein  corresponds  to  phosphorylated  FAK.  In 
addition,  we  detected  proteins  at  the  same  MW  positions  using 
PDGFR-p  antiserum  and  monoclonal  anti-FAK  antibody 
(Fig.  3A,  data  not  shown). 

After  normalizing  to  total  PDGFR  protein  level,  we 
calculated  changes  in  the  level  of  phosphorylated  PDGFR  in 
cells  exposed  to  PDGF-BB  compared  to  cells  that  were  not 
exposed  to  PDGF-BB  (fold  activation).  We  found  after  the 
1 0  ng/ml  PDGF-BB  stimulation,  fold  activation  of  PDGFR  in  cells 
on  3 1  kPa  substrates  remained  low  throughout  a  30  min  time 
course  (Fig.  3A,B).  On  84  kPa  substrates  however,  fold 
activation  of  PDGFR  was  twice  as  much  as  on  3 1  kPa  substrates 
during  the  first  15  min  and  decreased  rapidlytothe  same  level  as 
on  3 1  kPa  substrates  at  30  min.  This  indicates  that  substrate 
stiffness  affects  the  intensity  and  dynamics  of  PDGFR  activation 
in  VSMCs. 

We  further  investigated  the  effect  of  substrate  stiffness  on 
PDGFR  activation  in  VSMCs  by  exposing  VSMCs  to  increasing 
amounts  of  PDGF-BB  (5,  10,  and  20  ng/ml)  for  10  min.  Fold 
activation  of  PDGFR  increased  in  a  dose-dependent  manner  in 
VSMCs  on  both  3 1  and  84  kPa  substrates  (Fig.  3C,D).  However, 
levels  of  PDGFR  activation  were  significantly  higher  in  VSMCs 
on  84  kPa  substrates  than  on  3 1  kPa  substrates,  and  VSMCs 
responded  more  significantly  to  increasing  amounts  of 
PDGF-BB  on  84kPa  substrates.  When  PDGF  concentration 
increased  fourfold  from  5  to  20  ng/ml,  the  level  of  PDGFR 
activation  increased  sixfold  on  84  kPa  substrates  versus  twofold 
on  3 1  kPa  substrates.  The  time  course  experiment  and  dose- 
response  experiment  together  demonstrate  that  substrate 
stiffness  enhances  the  stimulating  effect  of  PDGF  in  VSMCs.  In 
addition,  we  also  observed  a  decrease  in  total  PDGFR  protein 
level  in  cells  on  84kPa  substrates  exposed  to  high 
concentrations  of  PDGF  (20  ng/ml),  but  not  in  cells  on  3 1  kPa 
substrates,  indicating  a  difference  in  the  regulation  of  PDGFR  in 
cells  on  soft  versus  stiff  substrates. 


Fig.  2.  Substrate  stiffness  regulates  cytoskeletal  organization  and 
VSMC  proliferation.  A:  VSMC  projected  cell  area  increases  with 
substrate  stiffness  (n>  100).  Error  bars  represent  SEM  (*P<0.0l). 

B:  Fluorescent  images  of  VSMC  show  more  defined  stress  fibers  as 
substrate  stiffness  increases.  F-actin  (green)  was  stained  with 
Rhodamine-labeled  Phalloidin  and  cell  nuclei  (blue)  were  stained  with 
Hoechst  33342.  C:  The  rate  of  VSMC  proliferation  is  higher  on  stiff 
substrates  (n  =  3).  Error  bars  represent  standard  deviation 
(*P<0.0l).  [Color  figure  can  be  viewed  in  the  online  issue,  which  is 
available  at  www.interscience.wiley.com.] 


indicate  that  substrate  stiffness  promotes  VSMC  survival  and 
proliferation  under  both  serum  and  PDGF  stimulation. 

Substrate  stiffness  enhances  the  stimulating  effect 
of  PDGF-BB 

In  light  of  our  observed  changes  in  vessel  stiffness  during  the 
progression  of  vascular  disease,  an  important  question  to 
address  is  the  role  of  mechanical  stiffness  in  VSMC  response  to 
PDGF.  We  already  observed  an  increase  in  the  rate  of  VSMC 
proliferation  with  increased  substrate  stiffness  when  cells  were 
cultured  in  the  presence  of  both  serum  and  PDGF-BB.  To 


Substrate  stiffness  modulates  VSMC  response  to  PDGF 
through  organized  membrane  domains 

We  wanted  to  dissect  out  the  possibility  that  substrate  stiffness 
modulates  PDGFR  signaling  in  organized  membrane 
microdomain  lipid  rafts.  In  order  to  address  this,  we  treated 
VSMCs  with  MBCD — an  agent  that  extracts  cholesterol  from 
the  cells  and  disrupts  lipid  rafts.  In  MBCD-treated  cells,  the  level 
of  PDGFR  activation  was  significantly  reduced  on  84kPa 
substrates,  suggesting  lipid  rafts  are  involved  in  PDGFR 
activation  (Fig.  4A,B).  On  3  I  kPa  substrates,  however,  the  level 
of  PDGFR  activation  in  PDGF-stimulated  cells  increased  slightly 
after  MBCD  treatment,  suggesting  a  lipid  raft-independent 
mechanism  of  PDGFR  activation. 

We  also  examined  the  phosphorylation  of  PDGFR  in  VSMCs 
using  confocal  microscopy.  We  observed  positive  staining  for 
phosphorylated  PDGFRp  (Fig.  4C,  red)  and  lipid  raft  marker 
flotillin-l  (Fig.  4C,  green)  in  cells  on  both  31  and  84kPa 
substrates.  The  staining  pattern  for  phospho-PDGFRp  and 
flotillin-l  appeared  diffuse  in  cells  before  PDGF  stimulation  on 
both  substrates  (Fig.  4C,  left  parts).  After  PDGF  stimulation, 
phospho-PDGFRp  and  flotillin- 1  were  rearranged  to  a  punctate 
state  on  the  84  kPa  substrate  (Fig.  4C,  center  bottom  part), 
whereas  on  the  3  I  kPa  substrate,  the  staining  remained  diffuse 
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Fig.  3.  Substrate  stiffness  enhances  the  stimulating  effect  of  PDGF  in  VSMCs.  A:  Representative  Western  blots  of  VSMCs  stimulated  with 
1 0  ng/ml  PDGF  over  a  30-min  time  course.  B:  VSMCs  on  stiff  substrates  show  higher  levels  of  PDGFR  phosphorylation  during  the  first  30  min 
of  PDGF  stimulation  (n  =  3).  C:  Representative  Western  blots  of  VSMCs  stimulated  with  increasing  concentrations  of  PDGF  for  1 0  min.  D:  VSMCs 
on  stiff  substrates  show  higher  levels  of  PDGFR  phosphorylation  over  a  range  of  PDGF  concentrations  (n  =  3).  Error  bars  represent  standard 
deviation. 


(Fig.  4C,  center  top  part).  In  PDGF-stimulated  cells,  MBCD 
eliminated  phosphorylation  of  PDGFRp  in  VSMCs  on  the 
84kPa  substrate  (Fig.  4C,  bottom  right  part).  In  contrast, 
MBCD  had  no  effect  on  the  phosphorylation  of  PDGFRp  in 
VSMCs  on  the  3 1  kPa  substrate  (Fig.  4C,  top  right  part).  These 
data  further  suggest  that  ligand-dependent  PDGFR  activation 
on  the  84  kPa  substrate  is  lipid  raft  dependent,  whereas  PDGFR 
signaling  on  the  3 1  kPa  substrate  is  independent  of  these 
membrane  domains. 

Discussion 

Using  a  model  system  that  represents  the  stiffness  of  a  healthy 
vessel  (3  I  kPa)  and  a  diseased  vessel  (84  kPa),  here  we  showed 
that  substrate  stiffness  enhances  the  stimulating  effect  of  PDGF 
on  VSMCs.  VSMCs  on  stiff  (84  kPa)  substrates  had  significantly 
higher  growth  in  response  to  PDGF  compared  to  VSMCs  on 
soft  (3 1  kPa)  substrates.  On  the  stiff  substrate,  PDGFR 
activation  by  PDGF  was  strong  and  appeared  to  be  dependent 
on  cholesterol  rich  lipid  rafts.  However,  on  the  soft  substrate, 
PDGFR  phosphorylation  was  weak  and  appeared  to  be 
independent  of  lipid  rafts. 

In  addition  to  the  different  dependencies  on  lipid  rafts  during 
PDGFR  activation,  we  also  observed  other  differences  in  the 
regulation  of  PDGFR  signaling  in  VSMCs  when  substrate 
stiffness  is  changed.  After  PDGF  stimulation,  the  high  level  of 
PDGFR  activation  on  stiff  substrates  (84  kPa)  was  transient 
(Fig.  3A,B),  whereas  the  low  level  of  PDGFR  activation  on  soft 


substrates  remained  steady  in  the  time  frame  we  examined. 
When  treated  with  increasing  concentrations  of  PDGF,  total 
PDGFR  protein  decreased  in  VSMCs  on  stiff  substrates  (84  kPa, 
Fig.  3C),  indicating  PDGFR  internalization  and  degradation 
through  ligand-bound  PDGFR,  which  could  also  explain  the 
transient  nature  of  PDGFR  activation  on  stiff  substrates.  In 
contrast,  on  soft  substrates  (3 1  kPa)  total  PDGFR  protein  did 
not  decrease  in  the  concentration  range  used  in  this  study. 
Despite  decreased  total  PDGFR  protein  levels,  the  level  of 
phosphorylated  PDGFR  increased  with  PDGF  concentration 
on  stiff  substrates.  As  a  matter  of  fact,  after  normalization  to 
PDGFR  protein  level,  the  level  of  PDGFR  phosphorylation 
increased  significantly  more  on  stiff  substrates  compared  to  soft 
substrates  with  increasing  PDGF  concentrations  (Fig.  3D).  This 
suggests  an  increased  sensitivity  to  PDGF  when  VSMCs  are  on 
stiffer  substrates. 

Cells  sense  matrix  stiffness  through  integrins  (Wang  et  al., 
2001;  Ingber,  2003b;  Katsumi  et  al.,  2004;  Paszek  et  al.,  2005; 
Friedland  et  al.,  2009).  Paszek  et  al.  (2005)  showed  increased 
stroma  stiffness  during  breast  cancer  development  leads  to 
integrin  clustering,  enhanced  ERK  and  ROCK  activation.  A 
recent  article  by  Friedland  et  al.  (2009)  showed  that  an  increase 
in  substrate  stiffness  switches  the  conformation  of  a5p  I 
integrins  from  a  relaxed  state  to  a  tensioned  state,  which 
strengthens  the  association  between  integrins  and  fibronectin 
and  leads  to  higher  level  of  FAK  phosphorylation  at  Y397 
position.  We  observed  increased  projected  cell  area  and  stress 
fiber  formation  in  VSMCs  on  stiff  substrates,  indicating 
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Fig.  4.  Lipid  rafts  are  involved  in  PDGFR  activation  in  VSMCs  on  stiff 
substrates.  A:  Representative  Western  blots  of  MBCD-treated  and 
PDGF-stimulated  VSMCs.  B:  PDGFR  phosphorylation  is  diminished 
by  MBCD  treatment  on  stiff  substrates  only  (n  =  3).  Error  bars 
represent  standard  deviation  (*P<0.0l).  C:  Double-label 
fluorescence  immunocytochemistry  for  flotillin-l  (green)  and 
phospho-PDGFR|3  (red)  as  a  function  of  substrate  stiffness  in  the 
presence  or  absence  of  MBCD  and/or  PDGF.  Scale  bars  represent 
10  |iJLm. 


enhanced  integrin  signaling  (Fig.  2A,B)-  Our  preliminary  data 
also  showed  increased  FAK  and  ERK  phosphorylation  in 
VSMCs  on  stiff  substrates  (data  not  shown).  Further 
investigation  is  required  to  elucidate  the  specific  mechanism  of 
integrin  activation  in  our  model  system,  that  is,  determining 
whether  activation  is  achieved  through  integrin  clustering  and/ 
or  via  changes  in  integrin  conformation.  We  note  that  these  two 
proposed  mechanisms  are  not  mutually  exclusive. 

Increase  in  substrate  stiffness  enhances  integrin  activation, 
whereas  integrin  engagement  and  activation  is  essential  for  the 
formation  and  stabilization  of  organized  lipid  membrane 
microdomains  (Pankov  et  al.,  2005;  Gaus  et  al.,  2006;  Echarri 


et  al.,  2007).  In  addition,  the  expression  levels  of  lipid  raft 
associated  molecules  were  found  to  be  up-regulated  when 
VSMCs  were  cultured  on  stiff  tissue  culture  plastic  when 
compared  with  a  soft  spherical  culture  (Monastyrskaya  et  al., 
2003).  Mitsuda  et  al.  (2002)  and  Stehr  et  al.  (2003)  observed 
that,  although  phosphorylation  of  PDGFR  upon  PDGF  binding 
might  be  independent  of  the  localization  of  the  receptor, 
PDGFR  signals  more  efficiently  when  localized  in  lipid  rafts.  We 
observed  that  on  stiff  (84  kPa)  substrates,  phosphorylated 
PDGFR  molecules  aggregate  into  punctate  domains  in 
PDGF-stimulated  VSMCs  (Fig.  4C,  bottom  parts),  and  the  level 
of  PDGFR  phosphorylation  on  stiff  substrates  is  high  but 
significantly  diminished  after  disruption  of  lipid  rafts  by  using  a 
cholesterol  extracting  agent  (Fig.  4A,B).  On  soft  (3 1  kPa) 
substrates  however,  the  localization  of  phosphorylated  PDGFR 
is  dispersed  (Fig.  4C,  top  parts),  and  the  level  of  PDGFR 
phosphorylation  is  low  but  not  further  reduced  by  the 
cholesterol  extracting  agent  (Fig.  4A,B).  In  fact,  we  observed  a 
slight  increase  in  the  phosphorylation  of  PDGFR  (Fig.  4B),  which 
is  possibly  due  to  ligand-independent  activation  of  PDGFR  by 
cholesterol  extracting  agents  (Liu  et  al.,  2007).  Our  data 
highlight  the  fact  that  PDGFR  activation  is  regulated  differently 
when  substrate  stiffness  is  changed.  On  the  stiff  substrate, 
PDGFR  activation  appears  to  be  lipid  raft  dependent,  as 
depleting  cholesterol  decreases  the  level  of  PDGFR 
phosphorylation.  In  contrast,  on  the  soft  substrate,  PDGFR 
activation  seems  to  be  lipid  raft  independent,  as  depleting 
cholesterol  increases  the  level  of  PDGFR  phosphorylation  in  a 
ligand-independent  manner. 

Based  on  previous  reports  and  our  own  observations,  we 
propose  the  following  mechanism  (Fig.  5):  when  cells  are 
attached  to  a  stiff  substrate,  there  is  enough  force  to  induce  high 
levels  of  integrin  activation  (clustering  or  conformational 
changes)  and  the  formation  of  organized  membrane  domain 
lipid  rafts.  PDGFR  and  its  downstream  effectors  are  recruited 
to  these  membrane  microdomains,  and  PDGF-induced  signaling 
follows  the  similar  pathway  that  we  observe  on  tissue  culture 
plastic  surfaces.  When  cells  are  attached  to  a  soft  substrate, 
there  is  not  enough  integrin  activation  to  stabilize  lipid  rafts.  As 
a  consequence,  PDGF  signaling  follows  a  lipid  raft-independent 
pathway. 

Changes  in  ECM  stiffness  occurs  during  many  physiological 
and  pathological  conditions  (Beloussov  et  al.,  1997;  Ingber, 
2003a;  Czirok  et  al.,  2004;  Paszek  and  Weaver,  2004).  Using  a 
model  system  that  mimics  normal  and  diseased  vessel  stiffness, 
we  found  that  VSMCs  respond  differently  to  a  growth  factor 
(i.e.,  PDGF)  and  a  pharmacological  agent  (i.e.,  MBCD)  when 
substrate  stiffness  is  changed  (Figs.  3  and  4).  The  fact  that 
VSMCs  on  substrates  with  the  stiffness  of  a  normal  vessel 
(3  I  kPa)  respond  to  PDGF  stimulation  with  lipid  raft- 
independent  and  low-level  PDGFR  activation  suggests  that  the 
softer,  healthy  vessel  keeps  VSMCs  in  a  quiescent  state  even  in 
the  presence  of  a  growth  factor.  However,  that  VSMCs  on 
substrates  with  the  stiffness  of  a  diseased  vessel  (84  kPa) 
respond  to  PDGF  stimulation  with  lipid  raft-dependent  and 
high-level  PDGFR  activation  indicates  that  the  stiffer,  diseased 
vessel  promotes  the  stimulation  of  VSMCs  by  the  growth 
factor.  Increased  sensitivity  of  VSMC  to  PDGF  with  increased 
vessel  stiffness  may  result  in  a  positive  feedback  loop  that  leads 
to  further  VSMC  migration  and  proliferation,  and  thus,  further 
progression  of  vascular  disease.  Although  we  do  not  have  direct 
evidence  to  show  whether  survival  and  proliferation  signals  are 
relatively  insensitive  to  perturbations  in  PDGF  level  in  the 
healthy  vessel  wall  in  vivo,  other  in  vitro  findings  suggest  that 
substrate  biochemical  composition  in  a  healthy  vessel  renders 
VSMC  relatively  insensitive  to  PDGF  stimulation.  For  example, 
when  VSMCs  are  cultured  on  laminin,  FAK  is  not 
phosphorylated  and  PDGF  does  not  stimulate  VSMC 
proliferation;  in  contrast,  on  fibronectin,  FAK  is 
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Fig.  5.  A  proposed  model  for  the  regulation  of  PDGFR  signaling  by  substrate  stiffness.  When  cells  are  attached  to  a  soft  substrate,  there  is  not 
enough  force  to  induce  high  level  of  integrin  activation,  and  there  is  little  organized  membrane  domain  lipid  rafts.  As  a  consequence,  PDGFR 
activation  is  independent  of  lipid  rafts  and  weak.  When  cells  are  attached  to  a  stiff  substrate,  there  is  enough  force  to  induce  high  level  of  integrin 
activation  and  formation  of  lipid  rafts.  PDGFR  and  its  downstream  effectors  are  recruited  to  these  membrane  domains,  and  PDGFR  activation  is 
strong.  [Color  figure  can  be  viewed  in  the  online  issue,  which  is  available  at  www.interscience.wiley.com.] 


phosphorylated  and  PDGF  does  stimulate  VSMC  proliferation 
(Morla  and  Mogford,  2000).  As  we  know,  in  the  healthy  vessel, 
the  basement  membrane  is  intact  and  laminin  is  the  major 
component  of  the  ECM  underlining  VSMCs;  however,  in  a 
diseased  vessel,  the  basement  membrane  is  damaged  and 
fibronectin  is  the  major  component  of  the  ECM  underlining 
VSMCs  (Thyberg  et  al.,  1997;  Newby  and  Zaltsman,  2000). 
Morla  and  Mogford’s  finding  together  with  our  data  presented 
here  indicate  that  changes  in  the  properties  of  the  ECM 
(mechanical  or  biochemical)  during  the  development  of 
vascular  occlusive  disease  can  potentially  increase  the 
sensitivity  of  VSMCs  to  PDGF  stimulation. Regardless  of  the 
initial  insult  that  causes  the  onset  of  vascular  occlusive  disease, 
vessel  stiffness  increases  during  the  development  of  the  disease. 
Hence,  stiffness  changes  can  play  a  major  role  in  supporting  the 
progressive  nature  of  the  disease  by  enhancing  PDGF  signaling. 
Here,  we  offer  a  possible  mechanism  for  the  progression  of 
vascular  occlusive  disease  that  should  be  taken  under 
consideration  when  developing  therapeutic  interventions. 
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The  extracellular  matrix  (ECM)  is  a  key  regulator  of  cell  and 
tissue  function.  Traditionally,  the  ECM  has  been  thought  of 
primarily  as  a  physical  scaffold  that  binds  cells  and  tissues 
together.  However,  the  ECM  also  elicits  biochemical  and 
biophysical  signaling.  Controlled  proteolysis  and  remodeling  of 
the  ECM  network  regulate  tissue  tension,  generate  pathways 
for  migration,  and  release  ECM  protein  fragments  to  direct 
normal  developmental  processes  such  as  branching 
morphogenesis.  Collagens  are  major  components  of  the  ECM 
of  which  basement  membrane  type  IV  and  interstitial  matrix 
type  I  are  the  most  prevalent.  Here  we  discuss  how  abnormal 
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Introduction 

Many  of  the  processes  that  regulate  tissue  and  organ 
development  are  hijacked  in  cancer  [1].  For  example,  the 
epithelial  migration  and  invasion  occurring  in  mammary 
carcinomas  are  morphologically  and  molecularly  similar 
to  epithelial  branching  morphogenesis  in  mammary 
gland  development  [2,3].  However,  while  epithelial 


invasion  is  stringently  regulated  in  development,  solid 
tumors  display  deregulated  and  persistent  invasion.  In 
both  instances,  the  extracellular  matrix  (ECM)  provides 
a  physical  scaffold  for  cell  adhesion  and  migration,  it 
influences  tissue  tension  and  it  signals  to  cells  through 
ECM  receptors.  Proteolysis  of  the  ECM  regulates  cel¬ 
lular  migration  by  modifying  the  structure  of  the  ECM 
scaffold  and  by  releasing  ECM  fragments  with  biological 
functions.  ECM  proteolysis  is  therefore  tightly  con¬ 
trolled  in  normal  tissues  but  typically  deregulated  in 
tumors. 

Collagens  are  major  constituents  of  the  ECM,  represent¬ 
ing  as  much  as  30%  of  total  mammalian  protein  mass  ([4], 
see  Box  1).  Type  I  collagen  is  the  main  structural  protein 
in  the  interstitial  ECM  [5].  Type  IV  collagen  is  a  key 
component  of  the  basement  membrane  (BM),  which  is 
found  at  the  basal  surface  of  epithelial  and  endothelial 
cells  and  is  essential  for  tissue  polarity  [6].  Epithelial 
invasion  in  both  branching  morphogenesis  and  cancer 
requires  that  the  cells  must  interact  with  these  collagens. 
The  BM  is  breached  as  both  normal  and  transformed 
epithelial  cells  invade  into  the  interstitial  tissue.  It  is  also 
compromised  at  the  site  of  the  vasculature  by  metastasiz¬ 
ing  cancer  cells  [7*]. 

The  desmoplastic  response  in  cancer 

Eibrosis  is  an  accumulation  of  ECM  proteins,  including 
type  I  collagen  [8].  Organ  fibrosis  and  cancer  are  associ¬ 
ated,  although  the  association  may  simply  reflect  collagen 
accumulation  due  to  increased  activity  of  inflammatory 
and  tumorigenic  factors  such  as  TGE-|3  [9].  Nevertheless, 
many  malignancies  are  associated  with  a  strong  fibrotic 
reaction,  termed  ‘desmoplasia’,  which  is  characterized  by 
an  accumulation  of  fibrillar  collagen  types  I  and  III  and 
increased  degradation  of  type  IV  collagen  [10-12].  Such 
fibrotic  foci  correlate  with  adverse  prognosis  in  mammary 
carcinomas  [13].  Desmoplasia  has  also  been  observed  at 
metastatic  sites  where  it  may  facilitate  the  successful 
establishment  of  metastases  [14,15].  Indeed,  increased 
expression  of  type  I  collagen  and  many  of  its  modifying 
enzymes  is  frequently  observed  in  the  gene  expression 
signatures  associated  with  increased  risk  of  metastasis 
[16M7-]. 

Architectural  changes  of  fibrillar  collagen  in 
cancer 

The  architecture  of  the  collagen  scaffolds  in  tumors  is 
severely  altered.  Tumor-associated  collagens  are  often 
linearized  and  crosslinked  reflecting  elevated  deposition 
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Box  1  Collagen  structure 


At  least  46  distinct  collagen  polypeptide  a-chains  have  been 
identified  in  vertebrates  and  they  can  be  assembled  into  28  different 
collagens  [103*]. 

Collagens  are  categorized  according  to  their  structural  properties  in 
the  ECM.  These  include  the  classic  fibrillar  and  network  forming 
types,  the  FACITs  (fibril-associated  collagens  with  interrupted  triple 
helices),  the  MACITs  (membrane-associated  collagens  with  inter¬ 
rupted  triple  helices),  and  the  MULTIPLEXINs  (multiple  triple-helix 
domains  and  interruptions)  [103*]. 

Collagens  are  composed  of  three  polypeptide  a-chains,  which  can 
be  either  homotrimers  or  heterotrimers.  In  the  endoplasmic 
reticulum,  the  a-chains  are  packed  into  a  tight  triple-helical  structure 
forming  the  collagenous  domain  [5]. 

The  tight  packing  of  the  collagen  triple-helix  is  facilitated  by  repeated 
Glycine-X-Y  motifs  in  the  collagenous  domain  of  the  collagen 
molecules  (4-hydroxyproline  is  often  found  in  the  Y  position)  [5]. 

The  a-chains  also  contain  non-collagenous  domains,  which  are 
proteolytically  removed  in  the  fibrillar  collagens  (e.g.  types  I,  II,  III). 
For  other  collagens,  non-collagenous  domains  are  important  for 
supramolecular  network  formation,  which  for  example  is  mediated 
by  the  C-terminal  non-collagenous  (NC1)  domain  of  type  IV  collagen. 

Collagens  are  maturated  by  posttranslational  modifications  including 
proteolytic  processing  of  the  N-terminus  and  C-terminus  for  the 
fibrillar  types  (e.g.  type  I  collagen),  hydroxylation  of  peptidyl  prolyl 
and  lysyl  residues,  sulfilimine  linking  (type  IV  collagen),  glycosylation 
of  hydroxylysine  residues  by  galactose  and  glucose,  and  enzymatic 
(lysyl-oxidase  (LOX)-mediated)  and  non-enzymatic  (glycation- 
mediated)  covalent  crosslinking  [4,33,104*]. 

The  non-collagenous  domains  can  upon  proteolytic  removal  exert 
new  functions.  Such  collagen-derived  proteolytic  fragments  include 
endostatin  (from  type  XVIII  collagen),  restin  (from  type  XV  collagen) 
and  tumstatin  (from  type  IV  collagen)  that  have  anti-angiogenic  and 
tumor  growth  inhibitory  functions  [4,105]. 


and  significant  posttranslational  modification  ([18,19**] 
and  Figure  1).  This  physical  restructuring  of  interstitial 
collagen  progressively  stiffens  the  ECM  which  thereafter 
elicits  diverse  effects  on  cellular  differentiation,  gene 
expression,  proliferation,  survival  and  migration 
[20,21**, 22, 23**].  These  cellular  effects  can  in  turn  sig¬ 
nificantly  modify  tumor  progression  and  influence  treat¬ 
ment  response. 

The  linearization  of  interstitial  collagen  in  invasive 
tumors  is,  at  least  in  part,  due  to  an  increased  number 
of  covalent  crosslinks  between  collagen  molecules  [19**]. 
Collagen  crosslinking  is  predominantly  catalyzed  by 
enzymes  such  as  lysyl  oxidase  (LOX).  During  the  early 
stages  of  breast  carcinogenesis,  LOX  is  synthesized  by 
stromal  cells,  likely  in  response  to  TGF-p.  In  late  stage 
tumors,  LOX  is  induced  also  in  the  carcinoma  cells  in 
response  to  hypoxia  [24,25].  In  a  mouse  model  of  ErbB2- 
induced  breast  carcinoma,  treatment  with  LOX  inhibi¬ 
tors,  before  tumors  form,  decreases  ECM  crosslinking  and 
prevents  tissue  stiffening  ([19**],  and  Figure  lb).  This  in 
turn  inhibits  focal  adhesion  maturation  and  decreases 
growth  factor  receptor  signaling  and  concomitantly 


reduces  tumor  incidence  and  size  and  delays  tumor 
progression.  The  cancer-cell-secreted  LOX  enzymes  in 
late  stage  cancer  may  also  promote  metastasis  by  regulat¬ 
ing  the  behavior  of  the  cancer  cells  and  modifying  the 
ECM  of  the  metastatic  niche  [26**,27].  Consistently, 
increased  expression  of  LOX  and  its  related  family  mem¬ 
bers  correlate  clinically  with  tumor  progression  and  elev¬ 
ated  metastatic  risk  [27,28]. 

Fibronectin  binds  collagen  and  regulates  collagen  fibril 
organization  [29].  Stretching  of  fibronectin  stimulates  its 
fibrillogenesis  by  revealing  cryptic  binding  sites  within 
the  unfolded  molecules,  leading  in  turn  to  increased 
fibronectin  rigidity  [30].  Increased  rigidity  greatly 
increases  binding  forces  between  fibronectin  and  its  re¬ 
ceptor  a5pl  integrin  [31].  The  size,  density  and  rigidity  of 
fibronectin  fibrils  in  vivo  therefore  influence  the  function 
of  the  collagen  fibrils,  and  vice  versa.  This  dynamic  and 
reciprocal  relationship  between  collagens  and  fibronectin 
likely  plays  a  role  in  tumor  progression.  Indeed,  fibro¬ 
nectin  deposition  has  been  implicated  as  an  early  step  in 
metastasis  [15]. 

SPARC  (secreted  protein  acidic  and  rich  in  cysteine)  is  a 
glycoprotein  that  participates  in  ECM  organization  and 
binds  to  types  I  and  IV  collagen  [32*].  In  a  murine  model 
of  pancreatic  cancer,  SPARC  deficiency  reduces  expres¬ 
sion  levels  of  types  I,  III  and  IV  collagen  and  decreases 
collagen  fibrillogenesis  [32*].  Nevertheless,  these  animals 
show  elevated  metastasis,  possibly  due  to  an  abnormal 
vascular  BM  that  facilitates  intravasation  and  extravasa¬ 
tion  of  the  cancer  cells. 

Sugars  such  as  glucose  and  ribose  induce  covalent  bonds 
with  lysine  residues  in  collagen  fibrils  to  introduce  non- 
enzymatic  and  random  crosslinking,  and  these  glycation 
adducts  in  turn  form  intermolecular  covalent  links  [33]. 
Consistently,  Diabetes  Mellitus  patients  with  uncon¬ 
trolled  glucose  metabolism  have  increased  numbers  of 
glucose  adducts  on  long-lived  proteins  like  collagen  [34]. 
These  patients  also  have  an  elevated  risk  of  developing 
tumors  [35],  suggesting  that  collagen  glycation  and  the 
resulting  ECM  stiffening  could  be  possible  risk  factors. 

Collagen  fibers  as  highways  for  migration 

The  collagen  fibers  surrounding  the  normal  epithelial 
structures  in  soft  tissues  such  as  the  mammary  gland 
and  lung  are  typically  curly  and  anisotropic.  However, 
following  tumor  initiation  many  of  the  fibers  progressively 
thicken  and  linearize  ([18,19**],  and  Figure  la).  This 
linearization  is  most  notable  adjacent  to  the  tumor  vas¬ 
culature  and  in  areas  with  cancer  cell  invasion 
[18,I9**,36].  Linearized  fibers  are  stiffer  than  curly  ones 
and  the  resulting  increased  ECM  stiffness  can  substan¬ 
tially  potentiate  growth-factor-dependent  cell  migration 
[19**,37].  These  abnormal  collagen  fibers  could  promote 
metastasis  by  fostering  cell  migration  into  the  interstitial 
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matrix  and  toward  the  vasculature.  Indeed,  intravital 
imaging  shows  that  cancer  cells  and  leukocytes  migrate 
rapidly  in  collagen-rich  regions  on  the  collagen  fibers 
[36,38,39].  Cancer  cells  might  exploit  these  remodeled 
‘linear’  collagen  fibers  as  invasion  ‘highways’  analogous  to 
the  preferential  migration  of  glioma  cancer  cells  along  the 
matrix  associated  with  blood  vessels  and  rigid  myelin 
sheath  bundles  [40]  (Figure  2).  The  mechanisms  whereby 
matrix  rigidity  could  enhance  cancer  cell  migration 
likely  involve  activation  of  collagen  receptors,  including 
integrins  [41]  and  discoidin  domain  receptor  (DDR)  1 
[42]  (see  Box  2  for  more  on  collagen  receptors),  and 
modulation  of  growth  factor  receptor  signaling.  Interest¬ 
ingly,  an  unusual  form  of  type  I  collagen,  a  homotrimer  of 
the  al  chains  (in  contrast  to  the  normal  al/al/a2  hetero- 
trimer,  see  Figure  la),  enhances  carcinoma  cell  migration 
in  vitro  [43*].  Moreover,  the  homotrimers  are  secreted 
solely  by  carcinoma  cells  and  are  resistant  to  cleavage  by 
matrix  metalloproteinases  (MMPs)  [43*]. 

Proteolysis  of  collagen  —  effects  on  cancer 
beyond  path  generation 

Although  cells  migrate  along  collagen  fibers,  collagen  in 
tissues  also  represents  a  physical  barrier  against  invasion 
[44].  Thus,  collagen  degradation  by  proteases,  including 
cathepsins  and  MMPs,  and  uptake  of  the  degraded  col¬ 
lagen  is  important  for  cancer  cell  invasion  [10,45*,46].  For 
many  cells,  proteolysis  of  types  I  and  IV  collagen  is  essen¬ 
tial  for  migration  through  the  ECM  [7*,45*,47-49].  Proteol¬ 
ysis  of  the  ECM  generates  pathways  for  cells  to  migrate 
through  [50*,5I,52**,53].  In  addition,  proteolysis  of  types  I 
and  IV  collagen  can  also  reveal  RGD  sequences  in  the 
molecules  that  activate  av  integrins  [54,55]. 

Cleavage  of  type  I  collagen  by  MMP-I,  MMP-8,  MMP-I3 
and  MMP-I4  (MTI-MMP)  results  in  the  generation  of 
characteristic  fragments  that  are  3/4  and  1/4  of  the  length  of 
the  native  molecule  ([56,57],  Eigure  la).  These  fragments 
may  act  as  antagonists  of  full-length  collagen  because  they 
bind  but  fail  to  activate  a2|3I  integrin  [58].  However,  the 
fragments  might  also  promote  cellular  migration  and  sur¬ 
vival  by  activating  av|33  integrin  [59-62]. 

DDR  signaling  is  also  affected  by  collagen  proteolysis. 
Intact  type  I  collagen  can  inhibit  cancer  cell  proliferation 
via  DDR2  activation,  but  this  growth  restriction  is 
released  by  MMP-mediated  proteolysis  [63].  This  fits 
well  with  the  overlap  between  a  DDR2  binding  site 
and  the  MMP-I4  cleavage  site  in  type  I  collagen  [64,65]. 

Collagen  proteolysis  is  also  a  critical  step  in  angiogenesis 
[66,67].  However,  non-collagenous  (NC)  domains  of  col¬ 
lagens  (see  Box  I)  released  by  proteolysis  can  also  inhibit 
tumor  angiogenesis.  Eor  example,  endostatin,  a  C-term- 
inal  fragment  of  type  XVIII  collagen,  inhibits  endothelial 
cell  migration  and  thus  tumor  angiogenesis  [4].  Several 
other  inhibitors  of  angiogenesis  are  generated  by  the 


Box  2  Collagen  receptors  —  not  just  anchoring  poles 

Collagen  signals  are  mediated  to  cells  via  a  variety  of  receptors, 
including  integrins,  discoidin  domain  receptors  (DDRs),  leukocyte- 
associated  Ig-like  receptors  (LAIRs),  mannose  receptor  family 
members  and  glycoprotein  VI  (reviewed  in  [91  *]). 

Integrins  are  composed  of  a  and  p  sub-units.  Native  collagens  are 
recognized  by  four  integrins:  al  pi ,  a2pi ,  al  Opi  and  al  1  pi .  Integrin 
al  pi  binds  both  types  I  and  IV  collagens  whereas  a2p1  only  binds 
type  I  collagen  [9r]- 

DDRs  are  tyrosine  kinase  receptors  activated  by  collagen  [106].  Both 
DDR1  and  DDR2  are  activated  by  intact  fibrillar  collagens,  including 
type  I.  DDR1,  but  not  DDR2,  also  is  activated  by  type  IV  collagen 
[106]. 

LAIRs  bind  collagens  at  Glycine-Proline-Hydroxyproline  repeats 
[107].  They  are  expressed  on  most  immune  cells  and  the  interaction 
between  LAIR-1  and  collagen  inhibits  immune  cell  activation 
(reviewed  in  [83]). 

Several  members  of  the  mannose  receptor  family  bind  collagen, 
including  the  mannose  receptor  and  uPARAP/endo180  [91*].  The 
main  function  of  these  receptors  appears  to  be  to  internalize  collagen 
for  intracellular  degradation. 


proteolysis  of  type  IV  collagen  [6],  including  tumstatin, 
a  fragment  of  the  type  IV  a3  chain  generated  by  MMP-9 
[68].  The  type  IV  collagen-derived  anti-angiogenic  frag¬ 
ments  affect  endothelial  cellular  functions  by  modulating 
av|33  and  av|35  integrin  signaling  [68,69].  The  ability  of 
these  fragments  to  inhibit  angiogenesis  suggests  that  they 
act  as  antagonists  of  av|33  and  av|35  integrins,  because 
these  integrins  are  normally  activated  on  endothelial  cells 
by  matrix  components  surrounding  actively  remodeling 
blood  vessels  (e.g.  vitronectin,  fibrinogen,  and  fibronectin). 

Collagen  as  a  regulator  of  response  to  therapy 

Resistance  to  cancer  therapy  can  be  caused  by  cancer  cell 
intrinsic  mechanisms,  such  as  overexpression  of  anti- 
apoptotic  genes,  but  factors  in  the  tumor  microenviron¬ 
ment  can  also  regulate  therapy  response  [I]. 

Types  I  and  IV  collagen  can  induce  chemoresistance  by 
directly  interacting  with  integrins  on  cancer  cells  [70,71**]. 
The  level  and  structural  organization  of  collagen  can  also 
indirectly  influence  therapeutic  efficacy  by  regulating  drug 
delivery.  In  many  tumors,  drug  delivery  is  impaired  by  an 
increased  interstitial  fluid  pressure.  The  increased  inter¬ 
stitial  fluid  pressure  is  due  in  part  to  a  leaky  vasculature  and 
sparse  or  nonfunctional  lymphatics  [72].  However, 
increased  ECM  stiffness  and  a  dense  collagen  interstitial 
fiber  network  can  also  influence  interstitial  fluid  pressure. 
Eor  example,  deficiency  in  fibromodulin,  which  binds  to 
collagen  to  stabilize  the  fibrils  [73],  decreases  collagen  fibril 
size  in  tumors  and  reduces  interstitial  fluid  pressure  [74]. 
Consistently,  collagenase  treatment  of  tumors  decreases 
interstitial  fluid  pressure  and  enhances  drug  delivery 
[75,76].  A  dense  collagen  network  can  also  directly  impede 
the  diffusion  of  large  molecular  weight  drugs  to  compro¬ 
mise  treatment  efficiency  [77,78].  Einally,  drug  delivery 
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Changes  in  the  type  I  collagen  scaffold  with  tumor  progression,  (a)  Relative  levels  of  stromal  versus  epithelial  expression  of  type  I  collagen,  the 
collagen  crosslinking  enzyme  lysyl  oxidase  (LOX)  and  the  collagenolytic  matrix  metalloproteinases  (MMPs)  during  tumor  progression.  In  early  stage 
tumors,  LOX  is  highly  expressed  by  stromal  cells,  and  in  late  stage  tumors,  its  expression  also  increases  in  carcinoma  cells.  In  late  stage  tumors,  the 
carcinoma  cells  begin  to  express  an  increased  ratio  of  the  a1 -chain  to  a2-chain  of  type  I  collagen.  The  net  result  is  an  increase  in  both  the  normal  type  I 
collagen  a1,a1,a2,-heterotrimer  and  in  an  MMP-resistant  type  I  collagen  a1  ,a1  ,a1  ,-homotrimer.  The  carcinoma-associated  changes  in  collagen  and 
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can  also  be  inhibited  by  binding  and  sequestering  of  drugs 
to  components  in  the  ECM,  including  collagens  [79]. 

Improved  drug  responses  have  been  achieved  when  the 
collagen  content  in  tumors  has  been  reduced.  This  can  for 
example  be  accomplished  by  vaccinating  mice  against 
fibroblast-activating  protein,  a  proteinase  expressed  by 
carcinoma-associated  fibroblasts.  As  a  result,  the  carci¬ 
noma-associated  fibroblasts  are  killed,  leading  to  a 
reduction  in  the  amount  of  type  I  collagen  in  the  tumors 
and  improved  drug  delivery  and  efficacy  of  chemotherapy 
[80*].  An  increased  delivery  and  efficacy  of  chemotherapy 
is  also  achieved  by  the  depletion  of  tumor-associated 
fibrotic  stroma  through  inhibition  of  Hedgehog  signaling 
in  a  mouse  model  of  pancreatic  ductal  adenocarcinoma 
[81*]. 

Interactions  between  collagen  and  the  tumor 
immune  infiltrate 

A  variety  of  immune  cells  are  present  in  tumors  and  many 
of  these  accumulate  and  migrate  within  regions  of  dense 
fibrillar  collagen  [36,38,82].  How  might  the  dense  fibrillar 
collagen  influence  the  function  of  immune  cells.^  ECM 
stiffness  promotes  integrin-mediated  adhesion  assembly 
[21**],  which  could  influence,  for  example,  T  cell  acti¬ 
vation.  Another  possibility  is  via  collagen-mediated  acti¬ 
vation  of  leukocyte-associated  Ig-like  receptors  (LAIRs). 
LAIRs  are  highly  expressed  on  most  immune  cells  and 
can  through  their  ITIMs  (immunoreceptor  tyrosine- 
based  inhibition  motifs)  inhibit  immune  cell  activation 
(reviewed  in  [83]).  Although  it  is  not  clear  whether  LAIRs 
and  integrins  cooperate,  activation  of  LAIRs  is  a  plausible 
mechanism  whereby  high  levels  of  deposited  tumor  col¬ 
lagen  could  lead  to  inhibition  of  an  anti-tumor  immune 
response. 

Collagen  can  regulate  leukocyte  infiltration  into  tumors. 
Activation  of  the  collagen  receptor  DDRl  is  necessary  for 
macrophage  infiltration  into  atherosclerotic  plaques  [84]. 
Consistently,  type  I  collagen  and  collagen  fragments  are 
chemotactic  for  monocytes  (macrophage  precursors)  and 
neutrophils  ([85,86*]  and  references  therein). 

Collagen  may  regulate  the  balance  between  tumor-inhi¬ 
biting  and  tumor-promoting  effects  of  immune  cells.  Eor 
example,  culturing  macrophages  on  type  I  collagen 
reduces  their  cytotoxicity  against  cancer  cells  [87], 
suggesting  that  this  inhibits  the  polarization  of  the  macro¬ 
phages  to  the  tumoricidal  Ml -like  type.  The  possibility 
that  the  collagen  scaffold  can  regulate  macrophage  polar¬ 
ization  is  further  supported  by  the  increase  in  pro-tumori- 
genic,  M2-like  macrophages  observed  in  tumors  of 
Sparc~^~  mice  with  an  abnormal  collagen  scaffold  [32*]. 


Collagen  influences  the  immune  cell  infiltrate,  but 
immune  cells  also  influence  collagen  architecture.  Macro¬ 
phages  regulate  mammary  epithelial  invasion  during  nor¬ 
mal  development  [88].  This  may  in  part  be  through  their 
ability  to  initiate  the  remodeling  and  reorganization  of  the 
collagen  fibers  surrounding  the  developing  epithelium 
[89],  probably  achieved  through  secretion  of  a  repertoire 
of  soluble  factors  such  as  MMPs.  Macrophages  can  also 
take  up  collagen  for  intracellular  degradation  via  binding 
to  the  glycoprotein  Mfge8  [90],  the  mannose  receptor, 
and  uPARAP/endol80  [91*]. 

Collagen  and  regulation  of  differentiation 

Matrix  stiffness  can  determine  stem  cell  lineage  specifica¬ 
tion  and  direct  mesenchymal  stem  cell  differentiation  into 
bone,  neurons  or  muscle  cells  [92].  During  bone  devel¬ 
opment,  inhibition  of  MMP-mediated  cleavage  of  type  I 
collagen  leads  to  osteopenia,  a  loose  bone  structure,  rather 
than  increased  bone  formation  [93],  suggesting  that  an 
abnormal  collagen  scaffold  modifies  the  balance  between 
bone-forming  osteoblasts  and  bone-resorbing  osteoclasts. 
Indeed,  the  collagenolytic  activity  of  MMP-14  regulates 
the  differentiation  of  mesenchymal  stem  cells  into  bone- 
producing  osteoblasts  in  three-dimensional  (3D)  collagen 
matrices  [47].  By  analogy,  the  modified  levels,  fibril  organ¬ 
ization  and  proteolysis  of  collagens  in  tumors  could  influ¬ 
ence  the  differentiation  state  of  cancer  cells.  Interestingly, 
type  I  collagen  and  Matrigel  (which  contains  BM  constitu¬ 
ents  such  as  laminin-111  and  type  IV  collagen)  increase 
engraftment  of  cancer  cells  in  mice  [94-96].  So  how  does 
collagen  influence  tumor  engraftment.^  One  potential  clue 
is  that  the  percentage  of  cancer  cells  that  express  stem  cell 
markers  increases  when  the  cells  are  exposed  to  type  I 
collagen  [97].  Eurthermore,  breast  cancer  cells  with  stem 
cell-like  characteristics  express  increased  levels  of  types  I, 
IV  and  XVIII  collagen,  suggesting  that  an  ECM  autocrine 
circuit  might  promote  tumor  evolution  [98]. 

Integrins  are  strong  contenders  for  linking  collagen  and 
cancer  cell  differentiation  [41].  Integrin  av|33  is  a  marker 
of  luminal  progenitor  cells  in  the  mammary  epithelium 
and  (33  integrin  (also  known  as  CD61)  is  also  a  marker  of  a 
cancer  stem  cell-like  population  [99,100].  Integrin  av|33 
is  not  activated  by  intact  type  I  collagen,  but  by  MMP- 
generated  collagen  fragments  [59-62]  and  by  stretched/ 
denatured  fibronectin,  suggesting  that  collagen  remodel¬ 
ing  and  stiffening  could  regulate  stem  cell  differentiation 
by  modulating  the  activity  of  this  integrin.  Indeed,  col¬ 
lagen  remodeling  by  MMP-14  regulates  the  differen¬ 
tiation  of  adipocytes  from  preadipocytes  [23**]. 
Whether  these  effects  are  due  to  a  reduction  in  tissue 
rigidity  or  through  generation  of  bioactive  collagen  frag¬ 
ments  remains  to  be  determined. 


(Figurel  Legend  Continued)  collagen  remodeling  enzymes  modify  the  architecture  of  the  collagen  scaffold  such  that  early,  thin  and  relaxed  collagens 
(curly  fibrils)  progressively  thicken  and  linearize  coinciding  with  tumor  progression  and  invasion,  (b)  Inhibition  of  collagen  crosslinking  through  LOX- 
inhibition  prevents  collagen  remodeling  and  maintains  a  normal  collagen  architecture.  Photomicrographs  are  from  [19**]  and  reprinted  with  permission. 
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Figure  2 
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Cellular  effects  of  the  collagen  scaffold  in  carcinomas.  Types  I  and  IV  collagen  influence  multiple  steps  in  tumor  evolution.  Type  IV  collagen  is  degraded 
as  carcinomas  break  through  the  basement  membrane  to  invade.  It  is  breached  again  as  cells  intravasate  en  route  to  form  metastases.  Proteolysis  of 
type  IV  collagen  in  vascular  basement  membranes  results  in  generation  of  fragments  with  anti-angiogenic  activity  acting  through  integrins.  Type  I 
collagen  fibers  mediate  invasion  at  several  levels.  Uncleaved  fibers  may  act  as  ‘highways’  for  cell  migration,  possibly  facilitated  by  macrophages.  Both 
integrin  and  discoidin  domain  receptor  (DDR)  mediated  signaling  can  facilitate  cell  invasion.  This  type  of  invasion  may  also  require  the  generation  of 
pathways  through  the  collagen  scaffold  by  proteolysis.  The  immune  reaction  against  tumors  may  be  regulated  by  collagen:  most  immune  cells  express 
leukocyte-associated  Ig-like  receptors  (LAIRs),  which  upon  collagen  binding  inhibits  immune  cell  activation.  Macrophages  may  also  be  regulated  by 
type  I  collagen  fragments,  which  are  chemotactic  for  macrophage  precursors  and  possibly  involved  in  regulation  of  their  polarization. 


The  challenges  ahead 

The  overall  architecture  of  the  EGM  is  affected  by 
collagen  concentration,  posttranslational  modification 
(e.g.  crosslinking)  and  proteolysis.  In  cancer,  all  of 
these  levels  of  collagen  metabolism  are  deregulated, 
resulting  in  an  abnormal  EGM  architecture.  However, 


to  determine  how  this  influences  tumor  evolution  is 
challenging. 

The  study  of  the  effects  of  collagen  architecture  on  tumor 
evolution  using  m  vitro  assays  has  been  informative,  but  a 
major  concern  is  the  ability  to  accurately  replicate  the 
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complicity  of  the  EGM  architecture  found  in  vivo.  There  is 
therefore  a  strong  need  to  study  collagen  structure/function 
in  vivo  and  to  develop  tractable  methods  to  manipulate 
biochemical  composition,  architectural  features  and  mech¬ 
anical  properties  of  collagen  while  simultaneously  monitor¬ 
ing  cancer  cell  behavior.  T o  address  these  concerns,  second 
harmonic  generation  using  two-photon  microscopy  has 
been  used  in  live  animals  to  monitor  how  epithelial  and 
stromal  cells  interact  with  and  initiate  collagen  remodeling 
to  regulate  its  architecture  [36,39,49,78,89,101**].  In 
addition,  recent  work  with  Atomic  Force  Microscopy  has 
yielded  high  resolution  force  ‘heat’  maps  that  demonstrate 
the  existence  of  stiffness  tracts  that  register  with  regions  of 
collagen  fiber  enlargement  and  linearization  (Lopez  et  al., 
unpublished  data). 

Collagens  are  often  used  in  vitro  as  barriers  that  cells  must 
cross  in  invasion  assays.  Yet,  it  is  clear  that  collagen  has 
much  more  complex  cellular  effects  than  merely  acting  as 
an  inert  scaffolding  protein  and  migration  barrier. 
Indeed,  such  a  simplistic  view  betrays  the  elegant  reci¬ 
procal  relationship  between  the  EGM  and  cell  behavior 
[102].  Our  limited  understanding  of  the  effects  of  col¬ 
lagen  in  cancer  is  well  illustrated  by  the  findings 
described  above:  both  increased  [19**]  and  decreased 
[32*]  deposition  of  collagen  can  be  associated  with 
increased  malignancy.  These  findings  suggest  that  many 
of  the  effects  of  collagen  are  mediated  by  its  architecture 
or  by  the  dynamics  of  its  remodeling  rather  than  solely  by 
protein  level. 

Analysis  of  human  tumors  has  revealed  an  association 
between  collagen  expression  or  collagen  modifying 
enzymes  and  poor  prognosis  [16*,17*,27,28,57],  support¬ 
ing  the  notion  that  collagen  remodeling  is  highly  relevant 
to  human  cancer  progression.  The  challenge  for  EGM 
biologists  is  to  deconstruct  the  collagen  ‘code’,  or  in  other 
words,  to  determine  just  how  the  structure  of  the  collagen 
triple-helix  translates  into  cellular  effects  to  promote 
malignancy. 
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Introduction 

The  extracellular  matrix  (ECM)  is  the  non- 
cellular  component  present  within  all  tissues  and 
organs,  and  provides  not  only  essential  physical 
scaffolding  for  the  cellular  constituents  but  also 
initiates  crucial  biochemical  and  biomechanical 
cues  that  are  required  for  tissue  morphogenesis, 
differentiation  and  homeostasis.  The  importance 
of  the  ECM  is  vividly  illustrated  by  the  wide 
range  of  syndromes,  which  can  be  anything 
from  minor  to  severe,  that  arise  from  genetic 
abnormalities  in  ECM  proteins  (Jarvelainen 
et  ah,  2009).  Although,  fundamentally,  the 
ECM  is  composed  of  water,  proteins  and 
polysaccharides,  each  tissue  has  an  ECM  with 
a  unique  composition  and  topology  that  is 
generated  during  tissue  development  through 
a  dynamic  and  reciprocal,  biochemical 
and  biophysical  dialogue  between  the 
various  cellular  components  (e.g.  epithelial, 
fibroblast,  adipocyte,  endothelial  elements) 
and  the  evolving  cellular  and  protein 
microenvironment.  Indeed,  the  physical, 
topological,  and  biochemical  composition  of  the 
ECM  is  not  only  tissue-specific,  but  is  also 
markedly  heterogeneous.  Cell  adhesion  to  the 
ECM  is  mediated  by  ECM  receptors,  such  as 
integrins,  discoidin  domain  receptors  and 
syndecans  (Harburger  and  Calderwood,  2009; 
Humphries  et  al.,  2006;  Leitinger  and 
Hohenester,  2007;  Xian  et  al.,  2010).  Adhesion 
mediates  cytoskeletal  coupling  to  the  ECM  and 
is  involved  in  cell  migration  through  the  ECM 
(Schmidt  and  Eriedl,  2010).  Moreover,  the 
ECM  is  a  highly  dynamic  structure  that  is 
constantly  being  remodeled,  either 
enzymatically  or  non-enzymatically,  and  its 
molecular  components  are  subjected  to  a  myriad 
of  post-translational  modifications.  Through 
these  physical  and  biochemical  characteristics 
the  ECM  generates  the  biochemical  and 
mechanical  properties  of  each  organ,  such  as  its 
tensile  and  compressive  strength  and  elasticity, 
and  also  mediates  protection  by  a  buffering 
action  that  maintains  extracellular  homeostasis 
and  water  retention.  In  addition,  the  ECM 
directs  essential  morphological  organization 
and  physiological  function  by  binding  growth 
factors  (GEs)  and  interacting  with  cell- surface 
receptors  to  elicit  signal  transduction  and 
regulate  gene  transcription.  The  biochemical 
and  biomechanical,  protective  and 
organizational  properties  of  the  ECM  in  a  given 
tissue  can  vary  tremendously  from  one  tissue  to 
another  (e.g.  lungs  versus  skin  versus  bone)  and 
even  within  one  tissue  (e.g.  renal  cortex  versus 
renal  medulla),  as  well  as  from  one 
physiological  state  to  another  (normal  versus 
cancerous).  In  this  Cell  Science  at  a  Glance 
article,  we  briefly  describe  the  main  molecular 
components  of  the  ECM  and  then  compare  and 
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Box  1.  Structure  and  function  of  proteoglycans 

Proteoglycans  (PGs)  are  composed  of  glycosaminoglycan  (GAG)  chains  covalently  linked 
to  a  specific  protein  core  (with  the  exception  of  hyaluronic  acid)  (lozzo  and  Murdoch,  1996; 
Schaefer  and  Schaefer,  2010).  PGs  have  been  classified  according  to  their  core  proteins, 
localization  and  GAG  composition.  The  three  main  families  are:  small  leucine-rich 
proteoglycans  (SLRPs),  modular  proteoglycans  and  cell-surface  proteoglycans  (Schaefer 
and  Schaefer,  2010).  The  GAG  chains  on  the  protein  core  are  unbranched  polysaccharide 
chains  composed  of  repeating  disaccharide  units  [sulfated  A/-aceltylglucosamine  or 
A/-acetylgalactosamine,  D-glucuronic  or  L-iduronic  acid  and  galactose  (-4  N- 
acetylglucosamine-p7,3-galactose-p7)]  that  can  be  divided  further  into  sulfated  (chondroitin 
sulfate,  heparan  sulfate  and  keratan  sulfate)  and  non-sulfated  (hyaluronic  acid)  GAGs 
(Schaefer  and  Schaefer,  2010).  These  molecules  are  extremely  hydrophilic  and, 
accordingly,  adopt  highly  extended  conformations  that  are  essential  for  hydrogel  formation 
and  that  enable  matrices  that  are  formed  by  these  molecules  to  withstand  high 
compressive  forces.  Many  genetic  diseases  have  been  linked  to  mutations  in  PG  genes 
(Jarvelainen  et  al.,  2009;  Schaefer  and  lozzo,  2008).  SLRPs  have  been  involved  in  multiple 
signaling  pathways  including  binding  to  and  activation  of  epidermal  growth  factor  receptor 
(EGFR),  insulin-like  growth  factor  1  receptor  (IGFIR)  and  low-density  lipoprotein-receptor- 
related  protein  1  (LRP1),  regulation  of  inflammatory  response  reaction,  binding  to  and 
activation  of  TGFp  (Goldoni  and  lozzo,  2008;  Schaefer  and  lozzo,  2008;  Schaefer 
and  Schaefer,  2010).  Modular  PGs  can  modulate  cell  adhesion,  migration  and  proliferation 
(Schaefer  and  Schaefer,  2010).  Basement  membrane  modular  PGs  (perlecan,  agrin  and 
collagen  type  XVIII)  have  a  dual  function  as  pro-  and  anti-angiogenic  factors  (lozzo  et  al., 
2009).  Cell-surface  PGs  (syndecans  and  glypicans)  can  act  as  co-receptor  facilitating 
ligand  encounters  with  signaling  receptors  (Schaefer  and  Schaefer,  2010). 


contrast  the  ECM  within  a  normal  simple 
epithelial  tissue  with  that  found  within  a 
pathologically  modified  tissue,  as  exemplified 
in  aged  tissue,  wounded  or  fibrotic  tissue  and 
tumors.  We  particularly  focus  on  the 
composition  and  architecture  of  the  ECM  and 
interactions  with  its  cellular  constituents, 
and  describe  in  detail  common  post- 
translational  modifications  that  evoke  defined 
topological  and  viscoelasticity  changes  in  the 
tissue.  We  thereafter  discuss  the  functional 
consequences  of  ECM  remodeling  on  cellular 
behaviors  including  altered  GE  sensitivity 
elicited  by  changes  in  ECM  tension.  Owing  to 
space  limitations  and  because  the  basement 
membrane  (BM)  is  a  unique  ECM  that  has  been 
reviewed  in  detail  elsewhere  (LeBleu  et  al., 
2007),  we  focus  here  on  the  interstitial  stroma  of 
simple  glandular  epithelial  tissues.  We  complete 
our  review  with  a  brief  discussion  of  the 
application  of  natural  and  synthetic  ECMs  that 
can  be  used  to  either  recapitulate  the  interstitial 
ECM  in  culture  to  study  tissue  behaviors  or  to 
deconstruct  and  analyze  how  specific  ECM 
parameters  (stiffness,  fiber  orientation,  ligand 
presentation,  dimensionality)  provoke  specific 
cellular  behaviors. 

Bits  and  pieces  -  molecular 
composition  of  the  ECM 

The  ECM  is  composed  of  two  main  classes  of 
macromolecules:  proteoglycans  (PGs)  and 
fibrous  proteins  (see  Boxes  1  and  2)  (Jarvelainen 
et  al.,  2009;  Schaefer  and  Schaefer,  2010).  The 
main  fibrous  ECM  proteins  are  collagens, 
elastins,  fibronectins  and  laminins  (see  panel  1 
of  the  poster)  (Alberts  et  al.,  2007).  PGs  fill  the 
majority  of  the  extracellular  interstitial  space 
within  the  tissue  in  the  form  of  a  hydrated  gel 
(Box  1)  (for  details,  see  Jarvelainen  et  al.,  2009). 
PGs  have  a  wide  variety  of  functions  that  reflect 
their  unique  buffering,  hydration,  binding  and 
force-resistance  properties.  Eor  example,  in  the 
kidney  glomerular  BM,  perlecan  has  a  role  in 
glomerular  filtration  (Harvey  and  Miner,  2008; 
Morita  et  al.,  2005).  By  constrast,  in  ductal 
epithelial  tissues,  decorin,  biglycan  and  lumican 
associate  with  collagen  fibers  to  generate  a 
molecular  structure  within  the  ECM  that  is 
essential  for  mechanical  buffering  and  hydration 
and  that,  by  binding  GEs,  provides  an  easy, 
enzymatically  accessible  repository  for  these 
factors  (lozzo  and  Murdoch,  1996). 

Collagen  is  the  most  abundant  fibrous  protein 
within  the  interstitial  ECM  and  constitutes  up  to 
30%  of  the  total  protein  mass  of  a  multicellular 
animal.  Collagens,  which  constitute  the  main 
structural  element  of  the  ECM,  provide  tensile 
strength,  regulate  cell  adhesion,  support 
chemotaxis  and  migration,  and  direct  tissue 
development  (Rozario  and  DeSimone,  2010). 


The  bulk  of  interstitial  collagen  is  transcribed 
and  secreted  by  fibroblasts  that  either  reside  in 
the  stroma  or  are  recruited  to  it  from  neighboring 
tissues  (De  Wever  et  al.,  2008).  By  exerting 
tension  on  the  matrix,  fibroblasts  are  able  to 
organize  collagen  fibrils  into  sheets  and  cables 
and,  thus,  can  dramatically  influence  the 
alignment  of  collagen  fibers.  Although  within 
a  given  tissue,  collagen  fibers  are  generally  a 
heterogeneous  mix  of  different  types,  one  type 
of  collagen  usually  predominates. 

Collagen  associates  with  elastin,  another 
major  ECM  fiber.  Elastin  fibers  provide  recoil  to 
tissues  that  undergo  repeated  stretch. 
Importantly,  elastin  stretch  is  crucially  limited 
by  tight  association  with  collagen  fibrils  (Wise 
and  Weiss,  2009).  Secreted  tropoelastin  (the 
precursor  of  elastin)  molecules  assemble  into 
fibers  and  become  highly  crosslinked  to  one 
another  via  their  lysine  residues  by  members  of 
the  lysyl  oxidase  (LOX)  enzyme  family,  which 
include  LOX  and  LOXL  (Lucero  and  Kagan, 
2006).  Elastin  fibers  are  covered  by 
glycoprotein  microfibrils,  mainly  fibrillins, 
which  are  also  essential  for  the  integrity  of  the 
elastin  fiber  (Wise  and  Weiss,  2009). 

A  third  fibrous  protein,  fibronectin  (EN)  is 
intimately  involved  in  directing  the  organization 
of  the  interstitial  ECM  and,  additionally,  has  a 
crucial  role  in  mediating  cell  attachment  and 
function.  EN  can  be  stretched  several  times  over 
its  resting  length  by  cellular  traction  forces 
(Smith  et  al.,  2007).  Such  force-dependent 
unfolding  of  EN  exposes  cryptic  integrin- 
binding  sites  within  the  molecule  that  result  in 


pleiotrophic  changes  in  cellular  behavior  and 
implicate  EN  as  an  extracellular  mechano- 
regulator  (Smith  et  al.,  2007).  Indeed,  ‘tensed’ 
EN  modulates  the  catch  bond  ‘force-activation’ 
and  adhesion  assembly  of  a5(3l-integrin 
through  exposure  of  its  synergy  site  (Eriedland 
et  al.,  2009).  EN  is  also  important  for  cell 
migration  during  development  and  has  been 
implicated  in  cardiovascular  disease  and  tumor 
metastasis  (Rozario  and  DeSimone,  2010; 
Tsang  et  al.,  2010).  Like  EN,  other  ECM 
proteins  such  as  tenascin  exert  pleiotrophic 
effects  on  cellular  behavior,  including  the 
promotion  of  fibroblast  migration  during  wound 
healing  (Trebaul  et  al.,  2007;  Tucker  and 
Chiquet-Ehrismann,  2009).  Indeed,  levels  of 
tenascins  C  and  W  are  elevated  in  the  stroma 
of  some  transformed  tissues  where  they  can 
inhibit  the  interaction  between  syndecan4  and 
EN  to  promote  tumor  growth  and  metastasis 
(Tucker  and  Chiquet-Ehrismann,  2009). 

The  definition  of  normal  -  the  ECM 
and  tissue  homeostasis 

Normal  glandular  epithelial  tissues  are 
composed  of  a  simple  layer  of  epithelial  cells 
that  adopt  apical-basal  polarity,  where  the  basal 
side  contacts  the  BM  and  the  apical  side  is 
opposite  the  fluid-filled  lumen.  In  some 
glandular  epithelium  there  is  a  basal  or 
myoepithelial  cell  layer  that  separates  the 
luminal  epithelium  from  the  interstitial  ECM 
(Barsky  and  Karlin,  2005).  Epithelial  tissue 
homeostasis  depends  on  the  maintenance  of 
tissue  organization  and  a  dynamic  dialogue  with 
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Box  2.  Collagen  and  fibronectin  synthesis 

To  date,  28  types  of  collagen  have  been  identified  in  vertebrates  (Gordon  and  Hahn,  2010). 
The  majority  of  collagen  molecules  form  a  triple-stranded  helix  that  subsequently  can 
assemble  into  supramolecular  complexes,  such  as  fibrils  and  networks,  depending  on  the 
type  of  collagen.  Fibrous  collagens  form  the  backbone  of  the  collagen  fibril  bundles  within 
the  interstitial  tissue  stroma,  whereas  network  collagens  are  incorporated  into  the  basal 
membrane  (BM).  Synthesis  of  collagen  type  I  involves  a  number  of  enzymatic  post- 
translational  modifications  (Gordon  and  Hahn,  2010;  Myllyharju  and  Kivirikko,  2004),  mainly 
the  hydroxylation  of  proline  and  lysine  residues,  glycosylation  of  lysine  and  the  cleavage  of 
N-  and  C-terminal  propeptides.  Following  their  cleavage,  collagen  fibrils  are  strengthened 
by  the  covalent  crosslinking  between  lysine  residues  of  the  constituent  collagen  molecules 
by  lysyl  oxidases  (LOX)  (Myllyharju  and  Kivirikko,  2004;  Robins,  2007). 

FN  is  secreted  as  a  dimer  joined  by  two  C-terminal  disulfide  bonds  and  has  several 
binding  sites  to  other  FN  dimers,  to  collagen,  to  heparin  and  also  to  cell-surface  integrin 
receptors  (Pankov  and  Yamada,  2002).  Cell-surface  binding  of  the  soluble  FN  dimer  is 
essential  for  its  assembly  into  longer  fibrils.  Moreover,  cell  contraction  through  the 
actomyosin  cytoskeleton  and  the  resulting  integrin  clustering  promotes  FN-fibril  assembly 
by  exposing  cryptic  binding  sites,  thus  allowing  them  to  bind  one  another  (Leiss  et  al., 
2008;  Mao  and  Schwarzbauer,  2005;  Vakonakis  and  Campbell,  2007). 


a  surrounding  stroma  composed  primarily  of 
non-activated  fibroblasts  and  adipocytes,  and  a 
steady- state  population  of  transiting,  non- 
stimulated  leukocytes  (Ronnov-Jessen  et  al., 
1996).  Thus,  non-activated  tissue  fibroblasts 
secrete  and  organize  type  I  and  III  collagens, 
elastin,  fibronectin,  tenascin  and  a  repertoire  of 
PGs  (hyaluronic  acid  and  decorin),  which  all 
maintain  the  structural  and  functional  integrity 
of  the  interstitial  ECM.  Most  glandular 
epithelial  tissues  including  breast,  saliva  gland, 
lung,  and  prostate  are  in  a  state  of  tensional 
homeostasis  so  that  their  normal  state  is  highly 
mechanically  compliant  (Paszek  and  Weaver, 
2004).  The  ECM  in  a  compliant  tissue  is 
composed  of  a  relaxed  meshwork  of  type  I  and 
III  collagens  and  elastin  that,  together  with  EN, 
form  a  relaxed  network  of  fibers  that  are 
surrounded  by  and  embedded  in  a  hydrogel 
of  glycosaminogly can-chain-containing  PGs 
(Bosman  and  Stamenkovic,  2003). 
Consequently,  the  relaxed  network  of  collagen 
and  elastin  fibers  allow  the  healthy  ECM  to 
resist  a  wide  range  of  tensile  stresses.  A 
functionally  competent  normal  tissue  can  also 
easily  resist  compressive  stresses  because  of  the 
binding  of  the  hydrated  glycosaminoglycan 
(GAG)  network  to  the  fibrous  ECM  molecules 
(Scott,  2003).  Thus,  the  tissue  ECM  is  a  highly 
dynamic  entity  that  continuously  undergoes 
regulated  remodeling,  whose  precise 
orchestration  is  crucial  to  the  maintenance  of 
normal  function  (Egeblad  et  al.,  2010;  Kass  et 
al.,  2007).  Tissue  homeostasis  is  mediated  by  the 
coordinated  secretion  of  fibroblast  metallopro- 
teinases  (MMPs)  (Mott  and  Werb,  2004);  this  is 
counterbalanced  by  tissue  inhibitors  of  metallo- 
proteinases  (TIMPs)  (Cruz-Munoz  and  Khokha, 

2008)  and  the  controlled  activity  of  other 
enzymes,  such  as  LOX,  and  also  transglutami¬ 
nases  that  crosslink  and,  consequently,  stiffen 
the  ECM  (Lucero  and  Kagan,  2006).  A  plethora 
of  GEs  that  are  bound  to  the  ECM  direct  these 
processes  (Eriedl,  2010;  Hynes,  2009;  Macri  et 
al.,  2007;  Murakami  et  al.,  2008;  Oehrl  and 
Panayotou,  2008).  These  ECM-bound  GEs 
differentially  modulate  cell  growth  and 
migration  and,  when  released,  comprise  part  of  a 
tightly  controlled  feedback  circuit  that  is 
essential  for  normal  tissue  homeostasis  (Hynes, 

2009) . 

Stiffening  up  -  the  ECM  and  tissue 
aging 

As  a  tissue  ages  the  levels  of  junctional  proteins 
such  as  cadherin,  catenin  or  occludin  decrease 
and  this  loss  can  compromise  junctional 
integrity  as  revealed  by  the  appearance  of  gaps 
between  the  epithelial  cells  (Akintola  et  al., 
2008;  Bolognia,  1995).  Old  tissue  is  also 
characterized  by  a  thinning  of  the  BM,  probably 


because  of  elevated  MMP-mediated 
degradation  and  reduced  BM  protein  synthesis 
(Callaghan  and  Wilhelm,  2008).  Moreover,  the 
resident  fibroblasts  in  aged  tissues  are  growth- 
arrested  and  resistant  to  apoptotic  cues,  which  is 
indicative  of  senescence  (Campisi  and  d’Adda 
di  Eagagna,  2007).  Indeed,  senescent  fibroblasts 
typically  express  elevated  levels  of  EN,  MMPs, 
GEs,  interleukins  and  cytokines,  as  well  as  high 
levels  of  the  plasminogen  activator  inhibitor 
(PAI)  (Coppe  et  al.,  2010)  and  mitochondrial- 
related  reactive  oxygen  species  (ROS) 
(Untergasser  et  al.,  2005)  and,  as  a  result,  are 
frequently  in  a  state  of  chronic  inflammation. 
Indeed,  the  combination  of  chronic 
inflammation  and  elevated  MMPs,  PAI  and 
ROS  destroy  the  integrity  of  the  elastin  network 
and  modify  the  collagen  fiber  network,  whereas 
reduced  levels  of  tissue-associated  GAGs 
compromise  the  integrity  of  the  BM  (Callaghan 
and  Wilhelm,  2008;  Calleja-Agius  et  al.,  2007; 
Nomura,  2006).  Nevertheless,  and  somewhat 
paradoxically,  in  an  aging  tissue,  collagen  fibers 
are  frequently  -  inappropriately  -  crosslinked 
through  glycation,  by  byproducts  of  lipid 
oxidation  and  through  exposure  to  UV  light 
(Robins,  2007).  The  combination  of  elevated  and 
inappropriate  collagen  crosslinking  contributes 
to  tissue  stiffening  so  that  an  aged  tissue  is 
mechanically  weaker  and  less  elastic  but  also 
more  rigid  than  a  young  tissue  (Calleja-Agius 
et  al.,  2007;  Robins,  2007).  This  aberrant 
mechanical  state  can  severely  compromise  ECM 
organization,  and  modify  epithelial  organization 
and  function,  potentially  promoting  age-related 
diseases  such  as  cancer  (Coppe  et  al.,  2010; 
Ereund  et  al.,  2010;  Sprenger  et  al.,  2008). 

Tensional  homeostasis  and  fibrosis 

Acute  injury  activates  the  fibrogenic  machinery 
and  induces  wound  healing.  One  of  the  first 


events  that  characterize  a  wound  response  is 
vascular  damage  and  the  formation  of  a  fibrin 
clot,  which  stimulates  monocyte  infiltration  to 
the  damaged  ECM.  Upon  binding  to  ECM- 
degradation  products  and  cytokines,  monocytes 
rapidly  differentiate  into  macrophages  (Clark, 
2001).  These  activated  macrophages,  in  turn, 
secrete  and  release  multiple  GEs,  MMPs 
and  cytokines  that  promote  angiogenesis  and 
stimulate  fibroblast  migration  and  proliferation 
(Schultz  and  Wysocki,  2009).  Thereafter, 
recruited  fibroblasts  begin  to  synthesize  and 
deposit  large  quantities  of  ECM  proteins, 
including  collagen  type  I  and  III,  EN  and 
hyaluronic  acid.  The  elevated  mechanical  stress 
associated  with  this  profound  ECM  deposition 
can  induce  the  transdifferentiation  of  fibroblasts 
and  other  tissue-resident  cells  -  i.e.  epithelial-to- 
mesenchymal  transition  (EMT)  of  epithelial 
cells  -  or  of  circulating  bone  marrow-derived 
mesenchymal  stem  cells  into  myofibroblasts 
(Schultz  and  Wysocki,  2009;  Velnar  et  al., 
2009).  Myofibroblasts,  which  have  a  high 
capacity  to  synthesize  ECM  components  and  are 
highly  contractile,  can  promote  the  formation  of 
large,  rigid  collagen  bundles  that,  if  crosslinked 
by  LOX  enzymes,  mechanically  strengthen  and 
stiffen  the  tissue  (Szauter  et  al.,  2005).  This 
wounded  ‘stiffened’  microenvironment  disrupts 
the  BM  that  surrounds  the  epithelium  and 
compromises  tissue  integrity  with  loss  of 
apical-basal  polarity  and  destabilized  cell-cell 
adhesions.  The  remodeled  ECM  also  promotes 
the  directional  migration  of  cells  within  the 
tissue  towards  the  wound  site  (Schafer  and 
Werner,  2008).  In  some  instances,  the  release  of 
transforming  growth  factor  (3  (TGE-(3)  by 
tension  and  MMPs  induces  EMT  of  the  resident 
epithelium  (Schultz  and  Wysocki,  2009;  Wipff 
et  al.,  2007;  Xu  et  al.,  2009).  In  a  healthy  tissue, 
once  the  wound  has  been  repopulated,  strict 
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feedback  mechanisms  are  initiated  that  ensure 
restoration  of  tissue  homeostasis  and  resolution 
of  fibrosis  (Schultz  and  Wysocki,  2009;  Velnar 
et  ah,  2009).  Under  extreme  conditions,  such  as 
repeated  injury  or  when  normal  feedback 
mechanisms  are  compromised,  continuous 
ECM  synthesis,  deposition  and  remodeling 
ensue  and  myofibroblasts  remain,  in  which 
TIMP  production  prevails  over  MMP  synthesis. 
These  aberrant  conditions  promote  chronic 
vascular  remodeling  and  enhanced  ECM 
crosslinking  that  eventually  leads  to  aberrant 
fibrosis  and  an  inability  of  the  tissue  to  heal 
properly.  This  aberrant  wound  healing  scenario 
is  characterized  by  the  altered  mechanical 
stability  and  reduced  elasticity  that  is  typical  of 
scarred  tissue  (Kisseleva  and  Brenner,  2008).  In 
extreme  cases,  a  chronic  wound  can  also 
promote  a  tumor  phenotype  (De  Wever  et  al., 
2008). 

Tumors  -  a  tough  situation 

Cancer  is  the  loss  of  tissue  organization  and 
aberrant  behavior  of  the  cellular  components. 
Cell  transformation  results  from  genetic 
mutations  and  epigenetic  alterations.  Yet, 
tumors  have  also  been  likened  to  wounds  that 
fail  to  heal  (Schafer  and  Werner,  2008).  Thus, 
the  tumor  stroma  exhibits  some  of  the  character¬ 
istics  found  in  an  unresolved  wound  (Bissell  and 
Radisky,  2001).  Eor  example,  tumors  are  char¬ 
acteristically  stiffer  than  the  surrounding  normal 
tissue.  The  stiffening  of  tumors  is  induced  by 
ECM  deposition  and  remodeling  by  resident 
fibroblasts,  and  by  increased  contractility  of  the 
transformed  epithelium  (Butcher  et  al.,  2009; 
Levental  et  al.,  2009).  Moreover,  chemokines 
and  GEs  (De  Wever  et  al.,  2008)  induce 
inflammation  and  modify  the  repertoire  of 
infiltrating  T  lymphocytes  (Tan  and  Coussens, 
2007).  Tissue  inflammation  potentiates  stromal 
fibroblast  activation  and  induces  their  trans¬ 
differentiation  into  myofibroblasts,  thus 
exacerbating  and  promoting  tissue  desmoplasia 
(De  Wever  et  al.,  2008;  Desmouliere  et  al., 
2004).  Myofibroblasts  deposit  copious 
quantities  of  ECM  proteins,  secrete  GEs  and 
exert  strong  contraction  forces  on  the  ECM  (De 
Wever  et  al.,  2008;  Desmouliere  et  al.,  2004).  As 
a  consequence,  newly  deposited  and  remodeled 
collagen  and  elastin  fibers  are  reoriented  and, 
thereafter,  crosslinked  by  LOX  and  transglutam¬ 
inase,  thus  generating  larger,  more-rigid  fibrils 
that  further  stiffen  the  tissue  ECM  (Butcher  et 
al.,  2009;  Erler  and  Weaver,  2009;  Levental 
et  al.,  2009;  Lucero  and  Kagan,  2006;  Payne  et 
al.,  2007;  Rodriguez  et  al.,  2008).  MMPs,  which 
are  secreted  and  activated  by  tumor  cells  and 
by  myofibroblasts  (De  Wever  et  al.,  2008; 
Kessenbrock  et  al.,  2010),  also  remodel  the  BM 
surrounding  the  tumor  and  release  and  activate 


ECM-embedded  GEs  (Bosman  and 
Stamenkovic,  2003;  Kessenbrock  et  al.,  2010). 
The  release  of  GEs,  including  vascular 
endothelial  growth  factor  (VEGE),  enhances 
vascular  permeability  and  promotes  new  vessel 
growth,  which  generates  interstitial  tissue 
pressure.  Thus,  an  amplifying  circuitry  between 
tumor-associated  ECM  stiffening,  an  ensuing 
reciprocal  ECM  resistance  that  is  induced  by 
resident  tumor  cells,  and  myoepithelial  and  cell¬ 
generated  contractility  act  as  a  vicious,  positive- 
feedback  loop  to  potentiate  tumor  growth 
and  survival.  This  induces  angiogenesis  and 
invasion  and,  eventually,  fosters  metastasis 
(Butcher  et  al.,  2009;  Erler  and  Weaver,  2009; 
Paszek  and  Weaver,  2004;  Paszek  et  al.,  2005). 

Where  do  we  go  from  here? 

Challenges  encountered  with  natural 
and  synthetic  ECMs 

Considering  the  importance  of  the  ECM  to  so 
many  fundamental  cellular  processes,  a  myriad 
of  tissue-culture  models  have  been  developed  to 
study  the  interplay  between  its  biochemical  and 
biophysical  properties,  and  to  understand  the 
molecular  origins  of  cellular  behaviors 
regulated  by  ECM  ligation.  With  respect  to 
assessing  the  fundamental  nature  of  cell 
adhesion  and  its  effects  on  cell  behavior,  the 
majority  of  cancer  researchers  have  relied  on 
coating  tissue  culture  dishes  (whether  plastic  or 
glass)  with  purified  preparations  or  mixtures  of 
ECM  proteins  in  order  to  obtain  2D  monolayers 
(Kuschel  et  al.,  2006).  To  address  the  issue  of 
ECM  rigidity,  functionalized  polyacrylamide 
(PA)  gels  crosslinked  with  reconstituted 
basement  membrane  (rBM)  -  generated  from 
Engelbreth-Holm-Swarm  mouse  carcinoma 
(commercially  available  as  MatrigeE^), 
collagen  type  I,  EN  or  ECM  peptides  -  has 
become  the  standard  approach  (Johnson  et  al., 
2007;  Pelham  and  Wang,  1997).  Yet,  none  of 
these  strategies  faithfully  recapitulates  the 
behavior  of  cells  within  tissues,  which  demand 
not  only  a  3D  format,  but  an  ECM  that  can  be 
readily  remodeled.  To  address  the  aspect  of  3D 
and  ECM  remodeling,  researchers  have  used 
natural  ECM  and  reconstituted  ECM  gels  to 
recapitulate  specific  aspects  of  tissue-specific 
differentiation  and  architecture  (see  poster, 
panel  3).  Eor  instance,  the  rBM,  which  mimics 
some  of  the  biochemical  and  biophysical 
properties  of  endogenous  epithelial  basement 
membranes,  has  been  used  frequently  in  3D 
organotypic  culture  assays,  for  xenograft 
manipulations  or  tissue  engineering,  and  to 
study  tissue-specific  morphogenesis  (e.g. 
branching,  acini  formation)  and  differentiation 
(Kleinman  and  Martin,  2005;  Kleinman  et  al., 
1986).  Unfortunately,  BM  preparations  such  as 
MatrigeE^,  although  useful  for  studying  normal 


epithelial  or  endothelial  behavior  and  to 
distinguish  between  the  ‘normal’  and 
‘malignant’  behavior  of  some  tissues,  has  a 
complex  and  rudimentarily  defined 
composition,  and  fails  to  reconstruct  the 
physical  state  of  the  native  interstitial  ECM. 
Eibrin  has  also  been  used  as  natural 
biodegradable  scaffold  with  reasonable  success 
in  vascular  tissue  engineering,  but  lacks  the 
mechanical  strength  and  durability  of  native 
interstitial  ECM  (Blomback  and  Bark,  2004; 
Shaikh  et  al.,  2008).  By  contrast,  type  I  collagen 
is  reasonably  useful  and  can  be  combined  with 
rBM,  purified  laminin  or  EN  to  reconstitute 
some  of  the  biological  aspects  of  normal  and 
diseased  interstitial  ECM  (Eriess,  1998; 
Gudjonsson  et  al.,  2002).  Moreover,  collagen 
type  I  readily  assembles  into  a  mechanically 
tense  network  of  fibrils  that  can  be  oriented, 
functionally  modified,  and  enzymatically  or 
chemically  crosslinked  and  stiffened.  Thus 
collagen  I  gels  are  useful  substrates  to  assess 
the  role  of  collagen  and  EN  stiffness,  and 
organization  on  the  pathogenesis  of  tumor 
progression  and  invasion  (Levental  et  al.,  2009; 
Provenzano  et  al.,  2009).  Nevertheless,  collagen 
gels  are  quite  heterogeneous,  and  modifying 
their  architecture  changes  their  organization, 
pore  size  and  ligand  concentration,  thereby 
complicating  the  interpretation  of  data 
generated  from  experiments  conducted  by  using 
this  natural  scaffold  (Johnson  et  al.,  2007).  To 
overcome  this  issue,  tissue  engineers  and 
biomaterial  specialists  have  generated  denuded 
ECM  scaffold  from  various  tissues  (Macchiarini 
et  al.,  2008).  These  scaffolds,  combined  with 
colonies  of  seeded  stem  cells,  can  reconstitute 
normal  tissues  with  reasonable  fidelity  (Lutolf  et 
al.,  2009).  ECMs  have  also  been  isolated  and 
extracted  from  various  tissues,  such  as  small 
intestine,  skin  (from  cadavers),  pancreas  and 
breast  (Rosso  et  al.,  2005),  and  these  ECMs  have 
been  used  to  engineer  skin  grafts  (Badylak, 
2007),  enhance  wound  healing  and  to  study 
tumor  progression.  One  such  example  is  given 
by  porcine-derived  small  intestinal  submucosa 
(SIS),  which  has  proven  clinical  success  for 
treating  patients  with  hernias  (Eranklin  et  al., 
2002)  (reviewed  in  Badylak,  2007).  Although 
these  purified  ECMs  certainly  have  useful 
applications,  their  use  is  limited  in  scope  owing 
to  the  need  for  well-defined  microenvironments 
in  tissue  regeneration  and  stem  cell  transplanta¬ 
tion  in  which  animal  byproducts  and 
contaminants  are  limited.  Moreover,  to 
understand  the  molecular  and  biophysical 
mechanisms  by  which  the  ECM  elicits  diverse 
effects  on  cellular  differentiation  and 
morphogenesis  it  is  crucial  to  use  chemically 
and  physically  defined,  modular  ECMs  that  can 
be  reliably  reproduced.  In  this  respect,  synthetic 
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matrices  have  been  developed  that  feature 
defined  and  tunable  compositions,  organization, 
mechanics  and  ECM  remodeling  capabilities. 
Indeed,  in  response  to  this  need  there  has  been 
literally  an  explosion  of  publications  describing 
the  generation  and  application  of  synthetic 
ECMs  for  tissue  regeneration,  and  the  reader  is 
referred  to  some  excellent  reviews  on  these 
topics  (Ayres  et  ah,  2009;  Dutta  and  Dutta,  2009; 
Lutolf  and  Hubbell,  2005;  McCullen  et  ah, 
2009;  Rosso  et  ah,  2005;  Zisch  et  ah,  2003).  One 
example  is  given  by  polyethylene  glycol  (PEG) 
hydrogels  -  frequently  used  biologically 
compatible  synthetic  matrices  that  support  cell 
adhesion,  viability  and  growth  (Lutolf  and 
Hubbell,  2005).  Although  these  matrices  can  be 
covalently  modified  with  ECM  ligands  and 
collagenase-degradable  peptides  and  GEs 
(Ehrbar  et  al.,  2007;  Zisch  et  al.,  2003),  they  do 
not  mimic  the  organizational  features  of  native 
collagen  gels  and  all  too  often  their  pore  sizes 
strongly  impede  cell  migration.  By  contrast, 
peptide-based  hydrogels,  such  as  peptide- 
amphiphiles,  assemble  into  secondary  structures 
that  recapitulate  the  collagen  triple  helix,  and 
readily  support  stem  cell  growth  and  viability, 
and  direct  multicellular  morphogenesis 
(Hauser  and  Zhang,  2010;  Sieminski  et  al., 
2008;  Smith  and  Ma,  2004;  Ulijn  and 
Smith,  2008).  These  peptides-amphiphiles  are 
amenable  to  modification  by  covalent  binding  of 
native  proteins  and  MMP-degradable  ECM 
peptides.  Alternatively,  poly(lactic-co-glycolic 
acid)  (PEG A),  a  copolymer  of  glycolic  acid  and 
lactic  acid  (McCullen  et  al.,  2009)  that  is 
inherently  biodegradable  as  it  is  hydrolyzed  into 
lactic  acid  and  glycolic  acid,  has  been  developed 
and  can  be  readily  conjugated  to  various  ECM 
ligands  and  peptides,  or  coated  with  collagen  or 
chitosan  to  support  cell  adhesion,  viability  and 
growth.  Indeed,  one  of  the  most  exciting  recent 
advances  in  the  field  has  been  the  development 
of  modular  biocompatible  ECMs,  which  contain 
ligand-binding  cassettes  and  have  tunable 
stiffness  features  that  permit  a  precise  patterning 
of  cell  adhesion  in  2D  and  3D  formats  (Serban 
and  Prestwich,  2008).  The  realization  that  ECM 
organization  is  a  crucial  aspect  of  cellular 
behavior  has  led  to  the  development  of  new 
methodologies  and  generated  ECMs  whose 
fiber  size,  orientation,  stiffness,  ligand-binding 
function  and  remodeling  potential  can  be  strictly 
controlled  and  monitored  -  including 
electrospun  silk,  and  lactic-acid  polymer 
(PLEA)  and  PLGA  scaffolds  (Zhang  et  al., 
2009).  Anisotropically  nanofabricated 
substrates  formed  from  scalable  biocompatible 
PEG  (Kim  et  al.,  2010;  Smith  et  al.,  2009)  are 
exciting  new  developments  in  the  biomaterials 
field,  whose  only  major  impediment  to  their 
biological  application  appears  to  be  a  lack  of 


functional  assessment  in  physiological  culture 
assays  and  animal  models.  Although  only  time 
can  tell  whether  this  new  generation  of 
biomaterials  will  indeed  prove  useful,  it  is  an 
appealing  time  to  be  an  ECM  biologist  and  our 
next  challenge  will  be  to  embrace  this 
smorgasbord  of  enticing  new  tools  -  which 
hopefully  will  at  last  allow  us  to  decipher  the 
language  of  the  matrix. 
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Cancer  cells  exist  in  a  constantly  evolving  tissue  micro¬ 
environment  of  diverse  cell  types  within  a  proteinaceous 
extracellular  matrix.  As  tumors  evolve,  the  physical 
forces  within  this  complex  microenvironment  change, 
with  pleiotropic  effects  on  both  cell-  and  tissue-level 
behaviors.  Recent  work  suggests  that  these  biomechan¬ 
ical  factors  direct  tissue  development  and  modulate 
tissue  homeostasis,  and,  when  altered,  crucially  influ¬ 
ence  tumor  evolution.  In  this  review,  we  discuss  the 
biomechanical  regulation  of  cell  and  tissue  homeostasis 
from  the  molecular,  cellular  and  tissue  levels,  including 
how  modifications  of  this  physical  dialogue  could  con¬ 
tribute  to  cancer  etiology.  Because  of  the  broad  impact 
of  biomechanical  factors  on  cell  and  tissue  functions,  an 
understanding  of  tumor  evolution  from  the  biomechani¬ 
cal  perspective  should  improve  risk  assessment,  clinical 
diagnosis  and  the  efficacy  of  cancer  treatment. 

Tumor  evolution  within  a  biomechanical  context 

Tumors  are  composed  of  a  heterogeneous  collection  of  cells 
surrounded  by  various  soluble  factors  and  an  evolving 
extracellular  matrix  (ECM).  In  addition  to  the  roles  of 
genetic  and  biochemical  events  in  tumor  development, 
recent  studies  support  the  notion  that  biomechanical  fac¬ 
tors  also  crucially  direct  tissue  development,  sculpt  tissue 
organization  and  maintain  tissue  homeostasis  [1].  Central 
to  this  assumption  is  the  concept  that  every  tissue  compo¬ 
nent  (e.g.  cells,  proteins)  is  a  biomaterial  possessing  unique 
mechanical  properties  that  respond  specifically  to  various 
physical  forces.  Mechanical  inputs,  such  as  tumor  expan¬ 
sion  leading  to  tissue  compression  and  increased  intersti¬ 
tial  pressure,  can  increase  both  cell  and  tissue  tension 
within  the  confined  stroma,  leading  to  the  release,  concen¬ 
tration  and  activation  of  various  growth  factors,  ultimately 
assisting  in  tumor  progression  [2,3] .  Additionally,  within 
the  tumor,  oncogene-mediated  alterations  in  cellular  acto- 
myosin  contractility  and  Rho  GTPase  activity  can  compro¬ 
mise  cell-cell  junction  integrity  to  destroy  tissue  polarity 
and  promote  cell  invasion,  whereas  ECM  remodeling 
and  stiffening  drive  integrin  clustering  and  actin  remodel¬ 
ing  to  re-enforce  focal  adhesions.  Taken  together,  these 
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alterations  enhance  intracellular  growth  factor  receptor 
signaling  within  the  increased  extracellular  pool  of  acti¬ 
vated  growth  factors,  drive  tumor  cell  growth  and  survival, 
and  confer  tumor  drug  resistance  [4-6] . 

In  this  review,  the  effects  of  cell  and  tissue  level  forces 
on  tissue  behavior  are  discussed,  with  recent  studies  on  the 
role  of  mechanics  in  tumor  development  and  evolution 
highlighted.  Because  the  composition  and  organization 
of  tumors  is  continuously  evolving,  the  influence  of  cell 
and  tissue  architecture  on  the  material  properties  and 
physical  behavior  at  the  molecular,  cellular  and  tissue 

Glossary 

Tension:  a  load  that  acts  in  the  direction  perpendicular  to  a  surface  and  tends 
to  pull  an  object  apart. 

Compression:  a  load  that  acts  in  the  direction  perpendicular  to  a  surface  and 
tends  to  push  an  object. 

Tensile  strength:  the  maximum  amount  of  tensile  stress  that  a  material  can  be 
subjected  to  before  failure.  (Unit:  force  per  unit  area.) 

Stress:  describes  the  internal  resistance  of  a  material  to  distortion  by  an 
external  force  (average  force  per  unit  area).  There  are  three  basic  stresses: 
tensile,  compression  and  shear  stress.  Tensile  and  compression  stress  are 
the  stresses  normal  to  the  cross-sectional  area  of  a  body;  Shear  stress  is  the 
stress  tangential  to  the  cross-sectional  area  of  a  body.  (Unit:  forces  per  unit 
area.) 

Strain:  the  ratio  of  the  change  in  length  to  the  original  length  of  a  material  in 
the  loading  direction  (dimensionless). 

Stiffness:  describes  the  elasticity  of  a  material  or  the  property  of  restoration  to 
its  original  shape  after  deformation.  The  unit  of  stiffness  is  force  per  unit 
length,  which  can  be  determined  by  the  slope  of  the  load-displacement  curve 
in  the  linear  region  of  loading.  (Unit:  force  per  unit  length.)  Compliance  is 
inversely  related  to  stiffness. 

Elasticity:  describes  the  ability  of  the  tissue  to  return  to  its  original  shape  after  a 
load  is  removed.  Mathematically,  elasticity  is  described  by  the  Modulus  of 
elasticity,  which  is  defined  as  the  ratio  of  stress  to  strain.  For  example. 
Young’s  modulus  (E)  describes  the  elasticity  of  a  material  subjected  to  tensile 
or  compression  loading;  Shear  modulus  (G)  describes  the  shear  elasticity  of  a 
material  subjected  to  shear  loading.  E  and  G  can  be  related  by:  E=2G  (1  +7) 
where  7  is  the  Poisson's  ratio  (ratio  of  lateral  strain  to  axial  strain  in  an  axial- 
loaded  material). 

Viscoelasticity:  is  the  property  of  materials  that  exhibit  both  elastic  and  viscous 
properties  when  undergoing  deformation.  Most  biological  materials  are 
viscoelastic.  The  strain  of  viscous  materials  is  time-dependent,  whereas  that 
of  elastic  materials  is  time-independent.  A  dynamic  test  of  viscoelastic 
materials  is  often  performed  to  determine  the  frequency-dependent  complex 
shear  modulus,  which  contains  the  elastic  storage  modulus  and  the  viscous 
loss  modulus. 

Dynamic  tests:  refers  to  material  tests  with  periodic  deformation  or  frequency- 
dependent  loading,  such  as  the  shear  rheometric  test.  Static  tests  refer  to 
those  tests  with  gradually  increasing  force  at  a  slow  speed,  such  as  the  classic 
tensile  test. 
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levels  are  discussed.  Finally,  the  clinical  implications  of 
current  research  on  tumor  mechanics,  as  well  as  future 
research  directions,  are  discussed. 

Tissue  mechanics  and  mechano-transduction 

Cells  and  tissues  experience  various  physical  forces  that 
can  be  classified  as  externally  applied  or  cell-generated. 
These  physical  forces  can  directly  and  indirectly  affect 
many  fundamental  biological  processes  and,  in  turn,  con¬ 
tribute  to  normal  physiological  and  pathological  phenom¬ 
ena.  The  direct  impact  of  these  forces  on  the  cells  and 
tissues  subjected  to  these  cues  include  displacement,  de¬ 
formation,  and  an  alteration  of  tissue  morphology  and 
organization.  For  example,  externally  applied  compression 
force  can  deform  the  ECM  and  decrease  the  interstitial 
space,  which  alters  the  transport  and  distribution  of  solu¬ 
ble  factors  within  the  ECM  thereby  modifying  cell  behavior 
[7] .  Indirect  effects  of  mechanical  force  on  tissues  include 
changes  in  levels  and/or  activity  of  various  growth,  differ¬ 
entiation  and  motility  regulators,  as  well  as  ECM  remodel¬ 
ing.  The  specificity  of  these  force-induced  effects  can 
depend  on  the  direction  of  the  force  (e.g.  tension,  compres¬ 
sion  and  shear  forces,  see  Glossary)  as  well  as  its  magni¬ 
tude  and  duration.  For  instance,  transient  tensile  forces 
upregulate  TGF-pi  expression  in  smooth  muscle  cells 
whereas  constant  tensile  forces  upregulate  both  TGF-pi 
and  collagen  I  expression  [8] .  Dynamic  loading  (Glossary) 
increases  MMP-9  (matrix  metalloproteinase-9)  in  fibro¬ 
blasts  whereas  static  loading  upregulates  MMP-2  [9] .  Hy¬ 
drostatic  pressure  decreases  cell  proliferation  and 
increases  hyaluronan  production  [10] .  These  findings  dem¬ 
onstrate  the  specific  interactions  between  cells  and  bio¬ 
chemical  cues.  It  will  be  very  important  to  investigate  how 
different  forces  can  induce  different  cellular  responses, 
which  often  occur  in  a  complex  tumor  macroenvironment. 

Importantly,  cells  can  actively  generate  forces  through 
multiple  mechanisms  including  Rho-dependent  actin-my- 
osin  contraction  and  actin  assembly,  and  transmit  these 
forces  through  cell-cell  and  cell-ECM  interactions.  These 
cell-generated  forces  contribute  to  the  branching  morpho¬ 
genesis  of  both  embryonic  lungs  and  cultured  epithelial 
cell  cysts,  facilitate  bloodvessel  ‘sprouting’  (angiogenesis), 
and  influence  convergent  extension  during  embryonic 
development  [11-13].  Accumulating  data  demonstrate 
that  cell-generated  forces  play  broad  roles  in  regulating 
cell  survival,  growth,  migration  and  differentiation,  as 
well  as  cell-cell  and  cell-ECM  communication  and  the 
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spatial  organization  of  cells  and  tissues  [14].  Externally 
applied  and  cell-generated  forces  do  not  operate  indepen¬ 
dently  within  normal  tissues  and  instead  are  typically 
balanced  through  multiple  mechanisms.  This  orchestrat¬ 
ed  behavior  helps  to  maintain  cell  and  tissue  structure  and 
homeostasis.  To  facilitate  our  understanding  of  how  ex¬ 
ternally  applied  and  cell-generated  forces  are  transmitted 
in  both  normal  physiological  and  pathological  conditions, 
the  basic  concepts  of  the  common  mechanical  properties  of 
cells  and  tissues  are  reviewed  below. 

Mechanical  properties  of  tissues,  cells  and  ECM 

Tissues  are  composed  of  multiple  cell  types,  various  ECM 
proteins  and  other  constituents,  each  with  unique  mechan¬ 
ical  characteristics  such  as  elasticity,  plasticity,  viscosity, 
tensile  strength  and  stiffness  (Glossary).  These  physical 
properties  collectively  define  the  material  properties  of  the 
tissue  and  dictate  how  the  tissue  responds  to  mechanical 
cues  and  how  it  will  sense  and  transmit  force.  Specifically, 
the  elasticity  and  stiffness  of  cells  and  tissues  have  been 
implicated  in  cancer  biology.  Methods  such  as  tissue  level 
tensile,  compression  and  shear  testing,  and  cellular  and 
subcellular  level  atomic  force  microscopy  (AFM)  have  been 
employed  to  measure  these  properties.  These  techniques 
have  yielded  valuable  information  that  demonstrates  the 
unique  mechanical  properties  of  each  cell  type  that  are 
reflected  in  its  function,  cellular  origin  and  microenviron¬ 
ment  (Table  1).  These  parameters  allow  the  monitoring  of 
differentiation  or  activation  status  of  cells,  as  well  as  a 
method  of  assessing  the  state  of  disease  progression. 

The  viscoelasticity  of  a  tissue  is  dictated  by  its  ECM  and 
individual  cellular  constituents.  Differences  in  the  elastic 
moduli  of  various  cell  types  or  cellular  states  are  partly 
owing  to  structural  variations  in  the  cytoskeletal  elements 
including  filamentous  actin,  intermediate  filaments  and 
microtubules,  and  their  organization  [15].  In  response  to 
biochemical  and  biomechanical  cues  from  their  local  envi¬ 
ronment  (e.g.  ECM  and  adjacent  interacting  cells),  cells 
can  tune  their  elastic  moduli  by  altering  their  transmem¬ 
brane  receptors,  intracellular  cytoskeletal  organization, 
actomyosin  contraction  and  cytoskeletal  tension,  and  re¬ 
model  the  local  microenvironment  to  achieve  mechanical 
equilibrium  (Figure  1).  This  active  adaptation  to  the  rigid¬ 
ity  of  the  environment  also  contributes  to  the  elasticity  of  a 
cell  [16,17] .  Cellular  elasticity  and  cell-generated  forces  are 
therefore  closely  related;  the  intracellular  and  extracellu¬ 
lar  mechano-responsive  elements  are  linked  by  these  dy- 


Table  1.  Elastic  moduli  of  tissues  and  cells  involved  in  cancer 


Normal  or  resting  state 

Pathological  or  activated  state 

Tissue 

Breast  [20,115,116] 

0.4-2  kPa 

4-12  kPa 

Lung  [117] 

10  kPa 

25-35  kPa 

Brain  [48] 

0.26-0.49  kPa 

7  kPa 

Bone  [116,118,119] 

2-14  G  Pa 

>689  MPa 

Liver  [120,121] 

0.3-0.6  kPa 

1.6  -20  kPa 

Cells 

Epithelial  cells  [76,122] 

-  2  kPa 

-0.4  kPa 

Fibroblasts  [78] 

-  0.4  kPa 

—1  kPa 

Mesenchymal  stem  cells  [123] 

0.25-0.9  kPa 

N/A 

Macrophages  [79] 

1.5  kPa 

0.5  kPa 

Myeloid  [124] 

N/A 

0.17-1.5  kPa  (HL60  cells) 

T  lymphocyte  [124] 

0.013—0.083  kPa  (Jurkat  cells) 

N/A 

Neutrophils  [124] 

0.07-0.24  kPa 

N/A 
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Figure  1.  Dynamic  and  reciprocal  conversation  between  matrix  stiffness  and  cell 
tension.  Non-malignant  cells  can  respond  to  exogenous  mechanical  forces  and 
matrix  stiffness  by  enhancing  focal  complex  maturation,  resulting  in  Rho  and  ROCK 
activation,  MLC  phosphorylation  and  actomyosin  contraction.  Cell-generated  forces 
from  increased  myosin  contraction  feed  into  focal  adhesion  maturation  to  adjust 
focal  adhesion  size  and  contract  the  ECM  until  the  exogenous  forces  are  balanced 
and  the  elastic  modulus  of  cells  are  'tuned'  to  reflect  the  ECM  stiffness.  This 
mechano-signaling  circuit  is  crucial  in  the  dynamic  and  reciprocal  conversation 
between  exogenous  and  cell-generated  mechanical  factors.  (ROCK,  Rho-associated 
kinase;  MLC,  myosin  light  chain.)  (Adapted  with  permission  from  [20]). 

namic  and  reciprocal  conversations  (Figure  1).  Together, 
the  extracellular  and  intracellular  forces,  the  mechano- 
responsive  elements,  their  mechanical  properties  and  the 
crosstalk  with  intracellular  signaling  pathways  maintain 
mechanical  equilibrium  and  regulate  diverse  cellular 
behaviors  such  as  adhesion,  spreading,  receptor  signaling, 
gene  expression  and  extracellular  microenvironment 
remodeling  [7].  This  mechanical  regulatory  paradigm  is 
essential  for  normal  tissue  structure  and  function,  as 
demonstrated  by  the  fact  that  tissue-specific  cells  often 
prefer  mechanical  microenvironments  that  closely  mimic 
those  of  their  native  tissues  such  as  the  improved  growth  of 
CNS  neurites  in  neurite  and  glial  cell  co-cultures  and  the 
morphogenesis  of  normal  mammary  epithelial  cells  on  soft 
matrices  [18-20]. 

Mechano-sensing  and  transduction 

To  respond  to  a  mechanical  stimulus,  the  cell  must  possess 
elements  capable  of  responding  to  the  applied  force  and 
translating  this  mechanical  information  into  a  biochemical 
signal.  These  cellular  mechano-signaling  pathways  often 
overlap,  feed  into,  and  are  themselves  regulated  by  bio¬ 
chemical  cascades.  Several  mechano-sensors  that  respond 
to  different  magnitudes  and  types  of  force  have  been 
identified,  including  highly  specialized  structures  such 
as  the  mechano-sensory  apparatus  of  the  auditory  hair 
bundle  and  the  primary  cilia  in  tubular  epithelial  cells 
[21,22].  Biochemical  signaling  can  also  be  initiated  by 
force-induced  conformational  changes  and  exposure  of 
functional  sites  of  signaling  proteins  (e.g.  tension-induced 
conformation  changes  in  fibronectin,  intracellular  talin 


and  membrane  ion  channels)  (Figure  2a)  [23-25] .  Alterna¬ 
tively,  intracellular  signaling  cascades  can  be  activated  by 
force-mediated  alterations  in  membrane  curvature,  ten¬ 
sion,  and  the  distribution  of  membrane  signaling  mole¬ 
cules  as  seen  with  the  transactivation  of  Ephrin  receptors 
[26]  and  with  integrin  clustering  [27]  (Figure  2b).  Cells  can 
also  sense  force  via  cell-cell  junctions  deformed  by  me¬ 
chanical  forces,  leading  to  a  global  remodeling  of  their 
cytoskeletal  filaments  (Figure  2c)  [28,29].  Many  of  these 
mechano-sensitive  mechanisms  operate  concurrently, 
overlapping  and  interacting  with  simultaneously  occurring 
biochemical  pathways.  When  these  mechano-sensing  and 
transduction  events  at  cellular  and  subcellular  level  are 
coordinated  at  the  multicellular  and  organ  levels,  they 
contribute  to  tissue  and  organ  functions,  such  as  wound 
closure  and  muscle  contraction  (Figure  2d,e). 

Dynamic  dialogue  between  biomechanical  and 
biological  signaling  during  tumor  evolution 

Normal  tissue  structure  is  disrupted  during  tumor  initia¬ 
tion  and  progression.  The  microenvironment  becomes  both 
mechanically  and  biologically  active,  highlighted  by  con¬ 
tinuous  and  progressive  remodeling  of  the  tumor  mass  and 
the  stromal  compartments.  Within  the  tumor  mass,  the 
transformation  of  tumor  cells  is  accompanied  by  increased 
cell  division,  reduced  apoptosis,  loss  of  tissue  polarity,  and 
alterations  in  the  composition  and  organization  of  ECM 
components.  Adjacent  to  the  tumor  mass,  the  tumor  stro¬ 
ma  assists  tumor  development  via  multiple  stromal  cells, 
ECM  molecules,  soluble  factors  and  the  circulatory  sys¬ 
tems  (blood  and  lymphatic  vessels).  Tumor-associated  stro¬ 
mal  cells,  including  fibroblasts,  myofibroblasts,  endothelial 
cells,  mesenchymal  stem  cells,  infiammatory  cells  and 
immune  cells  are  often  recruited,  locally  differentiated 
or  activated  during  different  tumor  development  stages. 
These  cells  actively  participate  in  ECM  remodeling  and 
tumor  angiogenesis,  providing  growth  factors  and  chemo- 
kines  that  promote  tumor  growth  and  metastasis  [30,31]. 
The  non-cellular  components  of  the  tumor  stroma,  such  as 
collagens,  fibronectin,  tenascin  and  proteoglycans,  can  be 
abnormally  expressed  and  remodeled,  resulting  in  new 
biochemical  and  mechanical  signals  [32].  Soluble  signals, 
produced  by  tumor  or  stromal  cells,  released  from  cleaved 
ECM  molecules  and  delivered  from  the  circulatory  system, 
can  re-distribute  within  this  tumor  stromal  compartment 
and  regulate  cell  functions  and  ECM  composition  during 
tumor  progression  [32] . 

Different  from  the  well-maintained  tissue  homeostasis 
and  mechanical  equilibrium  in  normal  physiological  con¬ 
ditions,  the  loss  of  growth  control  and  the  disrupted  tissue 
structure  and  organization  during  tumor  evolution  lead  to 
unbalanced  physical  forces  and  altered  material  properties 
of  each  tumor  component.  Because  the  behavior,  structure 
and  organization  of  tumors  are  continuously  changing  as 
the  cancer  evolves,  the  mechanical  state  in  a  tumor  also 
evolves  as  the  tumor  develops  (Figure  3).  In  breast  cancer, 
the  mechanical  characteristics  in  a  hyperplasia,  carcinoma 
in  situ,  invasive  lesion  and  metastasis  lesion  can  be  very 
different.  A  dysplastic  lesion  typically  involves  the  loss  of 
normal  cell  polarization  and  organization,  the  changes  in 
cell-cell  contacts  and  cell-ECM  interactions,  which  result 
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Figure  2.  Examples  of  mechanical  behaviors  at  different  levels  of  biological  systems,  (a)  At  the  single-molecule  level,  mechanical  stretching  of  talin  rods  exposes  the  cryptic 
binding  sites  for  vinculin,  which  then  activates  downstream  biochemical  signaling  pathways  important  in  cell  signaling,  adhesion,  and  migration,  (b)  At  the  multimolecule-level, 
increased  matrix  stiffness  enhances  integrin  clustering,  promotes  large  focal  adhesions  and  activates  downstream  signaling  cascades,  (c)  At  the  single-cell  level,  cells  can 
generate  traction  forces  via  actin  polymerization  (e.g.  stress  fibers)  and  actomyosin  contraction  between  focal  adhesions,  (d)  Atthe  tissue  level,  myofibroblasts  differentiated  from 
fibroblasts  at  wound  sites  exert  contractile  forces  on  the  surrounding  ECM  and  rearrange  the  ECM  to  close  wounds,  (e)  Atthe  organ  level,  a  muscle  that  contains  multiple  muscle 
fibers  surrounded  by  connective  tissues  and  sheaths  can  contract  synchronously,  generating  tension  and  muscle  motion  upon  the  reception  of  signals  from  motor  neurons. 


in  altered  cellular  tension  and  mechano-sensing  and  trans¬ 
duction  [33,34].  Increased  matrix  deposition,  cell  prolifer¬ 
ation  and  altered  cell  tension  in  dysplastic  lesions  also 
result  in  the  thickening  and  remodeling  of  the  basement 
membrane  (BM)  architecture  (Figure  3a)  [35].  Carcinoma 
in  situ  is  characterized  by  active  cell  growth  and/or  reduced 
cell  death  within  an  intact  BM  and  interstitial  ECM.  This 
uncontrolled  cell  growth,  and/or  reduced  cell  death,  con¬ 
fined  by  an  intact  BM  leads  to  a  restricted  tumor  volume 
expansion  and  corresponding  reaction  forces  within  the 
various  BM  and  stromal  components  [36-38] .  In  turn,  the 
resistance  of  the  BM  and  ECM  to  the  expanding  tumor 


mass  leads  to  compression  of  the  tumor  mass  [39] .  Simul¬ 
taneously,  ECM  remodeling,  as  a  consequence  of  tumor 
compression  and  stromal  reaction,  results  in  altered  me¬ 
chanical  properties  of  the  ECM  that  can  further  increase 
cell-generated  forces  and  cell  tension  (Figure  3b)  [40].  In 
advanced  carcinoma  in  situ  lesions,  intra-tumor  pressure 
can  be  further  elevated  owing  to  hypoxia  and  necrosis. 
Tumor  and  stromal  cells  secrete  soluble  factors,  facilitating 
matrix  remodeling  and  angiogenesis  [41] .  Inefficient  trans¬ 
port  and  dense  ECM  networks  result  in  further  increases 
in  interstitial  fiuid  pressure  within  the  tumor  [42].  In¬ 
creased  interstitial  fiow  owing  to  blood  vessel  and  BM 
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Figure  3.  Tumor  progression  is  associated  with  continuous  alterations  in  tissue  and  cell  mechanics,  (a)  In  dysplastic  lesions,  cells  gradually  lose  polarity  and  grow  into  the 
luminal  space.  The  myoepithelial  cell  layer  and  the  basement  membrane  (BM)  remain  intact  and  the  surrounding  ECM  is  compliant,  (b)  In  carcinoma  in  situ  lesions,  cell 
polarity  is  lost  and  the  lumen  is  filled  by  cells.  This  volume  expansion  and  resistance  from  the  BM  and  interstitial  ECM  lead  to  increased  forces  between  tumor  cells  and  the 
stromal  matrix.  Simultaneously,  ECM  components  are  abnormally  deposited  and  remodeled,  which  results  in  increased  ECM  and  tissue  stiffness,  and  in  turn,  cell¬ 
generated  tension,  (c)  In  invasive  lesions,  tumor  cells  break  down  the  BM  and  invade  into  the  interstitial  ECM.  The  reciprocal  forces  between  tumor  cells  and  the  ECM 
continuously  increase.  Abnormal  deposition  and  remodeling  of  ECM  collagen  further  increase  ECM  and  tissue  stiffness.  Tumor  cells  generate  greater  tension  in  response  to 
this  increased  mechanical  stimulation.  As  tumor  cells  invade  through  the  BM  and  ECM,  they  experience  a  range  of  different  forces  from  the  dense  ECM  network.  These 
external  forces  together  with  genetic  and  epigenetic  events  can  change  the  contractility  and  viscoelasticity  of  tumor  cells,  (d)  During  intravasation  and  extravasation,  tumor 
cells  experience  various  forces  including  shear  forces  exerted  by  the  ECM,  blood  flow  and  neighboring  cells,  which  facilitate  their  transport  and  attachment  to  the 
endothelium.  (e,f)  Cancer  cells  often  metastasize  to  different  organs,  which  can  have  very  different  microenvironmental  and  mechanical  properties  [e.g.  (e)  soft  tissue  lung; 
(f)  stiff  tissue  bone].  The  mechanics  of  remote  tissues  and  cancer  cells  could  regulate  cell  dormancy,  proliferation  and  differentiation  in  these  organs. 


permeability  in  the  tumor  microenvironment  could  pro¬ 
mote  TGF-p  dependent  myofibroblast  differentiation  [43]. 
In  invasive  tumors,  cell-cell  interactions  further  decrease 
and  intracellular  contractility  increases,  leading  to  the 
dissemination  of  tumor  cells  from  the  tumor  mass  and 
invasion  through  the  BM  and  interstitial  ECM.  Invading 
cells  are  accompanied  by  non-transformed  stromal  cells 
(e.g.  fibroblasts,  macophages)  and  migrate  through  a  pro¬ 
gressively  stiffened  ECM  and  biochemical  gradients  to¬ 
wards  the  circulatory  system  [44-47] .  Various  mechanical 
forces,  such  as  interstitial  compression  and  shear,  inter¬ 
stitial  fiuidic  pressure  and  ECM  stiffness  can  crucially 
infiuence  the  rate  and  direction  of  tumor  cell  migration 
(Figure  3c)  [48].  During  intravasation,  transportation  (in 
the  bloodstream  or  lymphatic  fiow)  and  extravasation, 
tumor  cells  are  exposed  to  shear  forces  from  adjacent  cells 
and  hydrodynamic  fiow.  These  shear  forces  assist  tumor 
cell  transport  and  facilitate  interactions  with  leukocytes 
and  endothelial  cells  to  permit  extravasation  (Figure  3d) 
[49] .  Cancer  cells  display  organ-specific  metastasis  which 
can  depend  on  the  intrinsic  genetics  of  the  tumor  cells,  the 
affinity  of  tissues  to  host  a  metastatic  lesion  and  the 
pattern  of  circulation  within  the  tissue  [50-52] .  Addition¬ 
ally,  different  organs  exhibit  very  different  mechanical 
properties  (e.g.  lung  is  soft  whereas  bone  is  very  stiff). 


Because  cells  can  selectively  grow  on  and  within  specific 
substrates  according  to  their  mechanical  properties,  or¬ 
gan-specific  mechanical  properties  could  contribute  to 
the  preferential  migration,  attachment,  survival  and  pro¬ 
liferation  of  cancer  cells  in  specific  organs  (Figure  3e,f) 
(Table  1)  [48,53-55]. 

Influence  of  the  ECM  and  tumor  cell  biomechanics  on 
tumor  progression 

ECM  mechanics  broadly  impact  cell  transcription,  cell  cycle 
control,  cell-cell  interactions,  cell  differentiation  and  migra¬ 
tion.  The  mechanical  infiuences  of  the  ECM  in  tumor  pro¬ 
gression  directly  depend  on  the  ECM  composition,  structure 
and  organization,  as  well  as  the  mechanical  dialogue  with 
intracellular  mechano-responsive  elements  and  cell  gener¬ 
ated  forces  (Figure  1)  [32,56,57].  Recent  work  demonstrates 
that  breast  tumor  progression  is  often  accompanied  by 
increased  deposition,  crosslinking  and  de-regulated  cleav¬ 
age  of  type  I  collagen  [58].  This  collagen  remodeling  is 
largely  owing  to  the  increased  expression  and  activity  of 
various  enzymes  (lysyl  oxidase,  transglutaminase  and 
MMPs)  in  the  active  tumor  stroma  [40,59-62].  Increased 
collagen  crosslinking  and  resulting  tissue  stiffening  inten¬ 
sify  the  biomechanical  feedback  in  breast  tissue  and  pro¬ 
mote  breast  tumor  progression  [40] .  Disrupting  this 
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feedback  by  targeting  the  crosslinking  of  fibrillar  collagen 
through  inhibition  of  the  enzyme  lysyl  oxidase  can  delay 
both  malignant  transformation  and  tumor  progression 
(Figure  4)  [40].  In  addition,  cell  migration  can  be  guided 
by  the  gradient  of  ECM  stiffness  (‘durotaxis’)  [63,64],  indi¬ 
cating  such  a  gradient  might  serve  as  an  important  cue 
leading  the  directional  migration  of  cancer  cells  in  the 
interstitial  ECM  towards  the  intravasation  sites.  Other 
ECM  proteins,  such  as  fibronectin,  tenasin,  decorin,  fibro- 
modulin,  lumican  and  osteopontin,  are  also  involved  in 
tumor  development  and  modify  the  mechanical  properties 
of  the  ECM;  however,  their  roles  in  tumor  mechanics  and 
tumor  development  have  yet  to  be  clarified  [32,65-67]. 

Growth  factors  bound  by  the  ECM  can  be  released  and 
activated  by  mechanical  perturbation.  For  example,  me¬ 
chanical  stretch  or  contraction  of  the  ECM  can  release 
ECM-bound  TGF-p  into  the  extracellular  space,  increasing 
the  availability  of  active  TGF-p  [3,68].  TGF-p  plays  a  key 
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role  during  tumor  progression;  it  is  a  strong  chemoattrac¬ 
tant  for  both  monocytes  and  macrophages,  a  stimulant  for 
pro-angiogenic  factors  such  as  bFGF  (basic  fibroblast  growth 
factor),  MCP-1  (monocyte  chemotactic  protein-1),  TNF-a 
(tumor  necrosis  factor  a)  and  IL-lp  (interleukin- Ip),  an 
activator  of  ECM  remodeling  enzymes,  a  potent  activating 
and  differentiating  signal  for  stromal  fibroblasts,  and  a  key 
regulator  of  the  modes  of  cancer  cell  motility  [69,70].  Fibro¬ 
blasts  differentiated  into  myofibroblasts  are  able  to  gener¬ 
ate  stronger  adhesions  and  greater  cellular  contractility, 
which,  in  turn,  increase  ECM  tension,  remodeling  and 
deposition  that  potentiate  the  further  release  of  TGF-p  from 
the  ECM  [68].  Indeed,  TGF-p  signaling  and  myofibroblast 
differentiation  associate  with  invasive  human  breast  can¬ 
cers,  implying  that  the  initiation  of  mechanical  signaling  by 
TGF-p  could  be  very  important  in  tumor  development. 
Similarly,  the  expression  and  release  of  other  factors,  such 
as  PDGF  (platelet-derived  growth  factor),  VEGF  (vascular 
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Figure  4.  Increased  collagen  crosslinking  and  matrix  stiffness  modify  the  context  of  signaling  and  promote  invasion  of  oncogene-transformed  pre-malignant  mammary 
cells,  (a)  MCF10A  cells  (non-malignant  mammary  epithelial  cells)  expressing  either  a  drug-activated  ErbB2/NGFR  (NGFR,  neural  growth  factor  receptor)  chimera  or  a 
tetracycline-inducible  ErbB2  construct  form  polarized,  growth-arrested  colonies  in  soft  collagen/rBM  gels  (bottom  left).  Stiffening  the  collagen  gel  (by  adding  ribose  to 
crosslink  the  collagen)  or  activating  ErbB2  signaling  increases  cell  proliferation  but  fails  to  drive  cell  invasion  (bottom  right  and  top  left).  MCF10A  colonies  start  invading 
into  collagen  gels  only  when  the  collagen  gels  are  stiffened  and  ErbB2  signaling  is  activated,  (top  right)  (Bar  20  (xm;  p-catenin,  green;  p4  integrin,  red;  DAPI,  blue.)  Second 
harmonic  generation  images  show  the  collagen  alignment  and  bundling  around  the  colonies  (insert),  b)  Schematic  presentation  of  the  cooperation  between  matrix 
stiffening  and  ErbB2  signaling  in  driving  the  invasive  phenotype.  Increased  collagen  crosslinking  stiffens  the  ECM,  which  drives  integrin  clustering  and  promotes  focal 
adhesion  assembly,  thereby  activating  PI3K  and  potentiating  ErbB2/PI3K/Akt  signaling.  (Adapted  with  permission  from  [40]). 
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endothelial  growth  factor)  and  bFGF,  which  are  also  in¬ 
volved  in  tumor  cell  growth,  angiogenesis,  cell  invasion,  and 
matrix  deposition,  can  also  be  regulated  by  mechanical 
loading  and  mechanical  properties  of  substrates  [71-74]. 

Tumor  cells  exhibit  very  different  mechanical  properties 
than  their  normal  counterparts  (Table  1).  Studies  with 
isolated  cancer  cells  suggest  that  they  become  increasingly 
compliant  as  they  transform,  such  that  highly  metastatic 
tumor  cells  are  less  stiff  than  normal  cells  [75,76].  Howev¬ 
er,  this  point  is  still  under  contention  because  all  of  these 
measurements  were  conducted  in  culture  and  the  apparent 
viscoelasticity  of  living  cells  in  situ  and  in  isolation  can  be 
very  different.  Indeed,  the  viscoelasticity  of  living  cells  can 
be  substantially  modified  by  many  factors  present  in  the 
context  of  a  three-dimensional  (3D)  tissue  including  het¬ 
erotypic  cell-cell  interactions,  localized  effects  of  the  vas¬ 
culature  and  the  ECM.  In  this  respect,  isolated  cancer  cells 
are  hypersensitive  to  substrate  stiffness  [20,54,77]  and 
exhibit  elevated  actomyosin-generated  contractility  when 
compared  with  matched  normal  cells  [20].  The  increased 
cell  contractility  exhibited  by  tumor  cells  is  mediated  by 
increased  activation  of  MLCK  (myosin  light  chain  kinase) 
and  acto-myosin  contraction  through  elevated  Rho  GTPase 
activity  and  EGFR  signaling  (Figure  1).  Pharmacologically 
or  genetically  inhibiting  these  pathways  is  sufficient  to 
reduce  cell  tension  and  normalize  tumor  tissue  phenotype 
[20] .  These  results  suggest  that  the  intrinsic  adhesion  and 
cytoskeletal  behavior  of  cancer  cells  that  participate  in 
their  tension  behavior  contribute  to  their  tumor  pheno¬ 
type.  This  means  that  enhanced  mechano-responsiveness 
coupled  with  increased  stiffening  of  the  tissue  ECM  could 
contribute  to  the  progressive  and  incremental  stiffening  of 
tumor  cells  in  situ  (Lopez  et  al.,  unpublished).  Conversely, 
inhibiting  cell  or  ECM  tension  could  inhibit  tumor  progres¬ 
sion  [40].  Notably,  ECM  stiffness  varies  dramatically  with¬ 
in  the  same  tumor  and  ECM  organization  is  non-uniform, 
providing  a  provocative  explanation  for  some  of  the  vari¬ 
ability  noted  in  tumor  cell  behavior  within  a  cancerous 
tissue  in  vivo  (Table  1)  [40]  (Lopez  et  al.,  unpublished).  The 
discrepancy  between  in  situ  analysis  and  those  studies 
using  isolated  tumor  cells  underscores  the  infiuences  of 
the  tissue  microenvironment  on  cellular  mechanical  prop¬ 
erties  and  the  intrinsic  differences  of  the  mechanical  prop¬ 
erties  between  transformed  and  normal  cells. 

Importantly,  the  stromal  cells  associated  with  tumors 
also  exhibit  changes  in  their  viscoelastic  properties  as 
tumors  progress.  Activated,  highly  contractile  myofibro¬ 
blasts,  which  frequently  appear  early  during  tumor  pro¬ 
gression,  are  stiffer  than  their  non-malignant  counterparts 

[78] .  Additionally,  activated  tumor-associated  macro¬ 
phages  are  more  compliant  than  resting  macrophages 

[79]  and  tumor-derived  endothelial  cells  exhibit  enhanced 
mechano-sensing  [80]  (Table  1).  These  stromal  cells,  as 
well  as  infiltrating  lymphocytes,  monocytes  and  mesenchy¬ 
mal  stem  cells,  frequently  participate  in  the  remodeling  of 
interstitial  collagen  and  produce  a  wide  array  of  growth 
factors,  cytokines  and  chemokines  which  help  to  establish 
the  chemical  and  rigidity  gradients  for  the  growth,  trans¬ 
formation  and  directional  metastasis  of  tumor  cells 
[46,63,81-84].  Indeed,  intravital  imaging  has  shown  that 
cancer  cells  and  leukocytes  migrate  rapidly  in  collagen-rich 


regions  [47,85]  and  that  paracrine  signaling  between  can¬ 
cer  cells  and  leukocytes  facilitate  the  directional  migration 
of  cancer  cells  [82].  Considering  the  many  genetic  and 
epigenetic  modifications  that  occur  in  tumor-associated 
stromal  cells  [86]  and  the  functional  diversity  of  these 
cells,  it  is  clear  that  it  will  be  important  to  study  the 
mechano-sensitivity  of  the  vast  array  of  tumor-related  cells 
and  to  understand  how  ECM  remodeling,  mechanical  reg¬ 
ulation  and  stromal  cell  activities  contribute  to  tumor 
progression. 

Tissue  mechanics  and  oncogenic  transformation 

Tumor  cells  encounter  various  ECM  environments  and 
physical  forces  during  tumor  initiation,  progression,  and 
metastasis  (Figure  3).  Concurrently,  tumor  cells  undergo 
malignant  transformation,  adopting  a  series  of  genetic  and 
epigenetic  changes,  including  genetic  mutations  and  expres¬ 
sion  changes  of  different  ECM  adhesion  receptors,  cell 
adhesion  receptors,  growth  factor  receptors  and  intracellu¬ 
lar  signaling  molecules.  These  changes  modify  the  ability  of 
tumor  cells  to  sense  and  respond  to  external  and  internal 
forces,  as  well  as  to  the  mechanical  properties  of  other  cells 
and  the  ECM.  One  widely  studied  family  of  mechano-sen- 
sors  is  the  cell  surface  integrin  family  [87].  Integrins  can 
mediate  the  sensing  of  mechanical  properties  of  the  ECM  by 
changing  their  avidity,  conformation,  clustering  and  recruit¬ 
ment,  and  transducing  these  signals  downstream  to  focal 
adhesion  kinase  (FAK),  which  then  leads  to  the  stabilization 
of  focal  adhesions  and  the  activation  of  downstream  intra¬ 
cellular  signaling  cascades.  Stiff  ECM  substrates  increase 
integrin  clustering,  and  induce  focal  adhesion  formation  and 
FAK  activation,  which  intensifies  the  oncogene  ErbB2-me- 
diated  PI3K  (phosphoinositide  3-kinase)  and  ERK  (extra¬ 
cellular  signal-regulated  kinase)  signaling  pathways  and 
promotes  tumor  cell  malignant  transformation  in  both  3D 
culture  and  mouse  models  for  breast  cancer  (Figure  4) 
[20,40].  Inhibiting  Rho  GTPase-induced  contractility  nor¬ 
malizes  tumor  cell  behavior  and  the  inhibition  of  ECM 
stiffening  delays  oncogene-induced  tumor  progression.  Oth¬ 
er  studies  have  demonstrated  that  elevated  Rho  signaling 
via  oncogene  Ras-driven  ERK  activation  or  ErbB2-driven 
PI3K  induce  cytoskeletal  contractility,  cell  growth,  and 
destabilize  tissue  architecture  [88].  These  small  GTPases 
and  their  effectors  are  key  regulators  of  cytoskeleton  dy¬ 
namics,  cell  polarity  and  migration,  and  are  often  found 
over-expressed  in  different  types  of  human  tumors  [89-93]. 
Thus,  knocking  out  specific  small  GTPase  effectors  includ¬ 
ing  Tiam  (a  Rac  activation  factor)  and  GEPlOO  (an  Arf6 
activation  factor)  in  mice  reduced  tumor  incidences  and 
metastasis  [94,95] .  Taken  together,  these  data  suggest  that 
the  crosstalk  between  mechanical  and  oncogene  signaling 
pathways  is  essential  for  oncogene-initiated  tumor  progres¬ 
sion.  Accordingly,  targeting  these  abnormal  mechanical 
stimuli  and  mechano-transduction  pathways  with  pharma¬ 
cological  reagents  could  potentially  be  of  benefit  to  clinical 
cancer  therapies. 

Conclusion  and  future  directions 

Tumors  are  composed  of  heterogeneous  tumor  cell  popula¬ 
tions.  This  heterogeneity  originates  from  genetic  instabili¬ 
ty  and/or  the  differentiation  spectrum  of  cancer  stem  cells 
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(CSCs),  potentially  leading  to  drug  resistance  in  cancer 
therapies  [96].  Therefore,  an  understanding  of  the  proper¬ 
ties  and  regulation  of  tumor  heterogeneity  might  improve 
clinical  cancer  treatment.  As  discussed  in  this  review,  the 
tumor  microenvironment  is  also  heterogeneous  and  can 
induce  a  series  of  non-uniform  biological  and  biomechani¬ 
cal  modifications  in  tumor  cells  and  the  surrounding  ECM. 
Particularly,  the  biomechanical  changes  in  a  tumor  micro¬ 
environment  caused  by  multiple  variable  factors  including 
tumor  growth  and  expansion,  increased  interstitial  pres¬ 
sure,  cell  contraction  and  ECM  deposition  and  remodeling 
can  modify  the  biochemical  and  biomechanical  properties 
of  both  the  tumor  stromal  microenvironment  and  tumor 
cells.  This  biomechanically  modified  tumor  microenviron¬ 
ment  exerts  a  higher  resistance  to  drug  delivery  and 
penetration  [97],  enhancing  the  survival  of  tumor  cells 
owing  to  mechano-chemical  coupling  in  the  3D  context 
and  rendering  the  cells  further  resistant  to  drug-induced 
cell  death  [98].  Drugs  targeting  certain  oncogenes  or  sig¬ 
naling  pathways  might  be  less  effective  when  these  onco¬ 
genes  and  signaling  pathways  are  connected  to  mechanical 
signaling  at  multiple  levels  (e.g.  integrins,  ERK,  PI3K,  Rho 
GTPase)  (Figures  1  and  4). 

Current  work  suggests  CSCs  contribute  to  drug  resis¬ 
tance  because  of  their  special  properties,  including  the 
ability  to  remain  quiescent  during  tumor  progression  as 
well  as  their  increased  resistance  to  DNA  damage  and 
external  environmental  insults  [99].  What  remains  un¬ 
known  is  whether  the  tumor  microenvironment  also  reg¬ 
ulates  these  special  properties  of  CSCs.  CSCs  have  similar 
properties  as  stem  cells,  such  as  self-renewal,  lineage 
differentiation  and  residence  within  specific  niches.  Stud¬ 
ies  on  embryonic  and  adult  stem  cells  revealed  that  self¬ 
renewal  and  differentiation  can  be  regulated  by  various 
mechanical  cues  [100],  suggesting  that  CSCs  could  also  be 
similarly  regulated  by  tissue  mechanics.  Indeed,  the  fre¬ 
quency  of  cancer  stem  cells  is  very  sensitive  to  different 
microenvironments  [101].  CSCs  express  abundant  adhe¬ 
sion  molecules  including  integrins  and  CD44  [102-104] 
and  require  specialized  niches  composed  of  soluble  factors 
(e.g.  Wnt,  Notch,  hedgehog  and  TGF-p)  [105-107],  stromal 
cells  [108,109],  and  tension-regulated  ECM  proteins  (e.g. 
tenascin,  fibronectin  and  laminin)  for  their  self-renewal 
and  differentiation  [110,111].  Many  of  these  niche  compo¬ 
nents  can  modulate  and  be  modulated  by  cell-  and  tissue- 
level  tension  to  regulate  cell  growth,  survival  and  migra¬ 
tion  [112-114].  Therefore,  the  properties  of  CSCs  could  be 
directly  and  indirectly  regulated  by  the  tumor  microenvi¬ 
ronment.  If  so,  the  drug  resistance  of  CSCs  might  be 
potentially  addressed  by  targeting  the  mechanical  links 
in  the  CSC  niches  (ECM,  stromal  cells,  and  soluble  sig¬ 
nals).  Clearly,  elucidating  the  composition  and  structure  of 
tumor  microenvironment  and  their  local  and  global  me¬ 
chanical  infiuence  on  tumor  phenotype  and  pathogenesis 
will  be  important  for  the  understanding  of  cancer  biology 
and  for  the  treatment  of  multiple  cancer  types. 

Both  biochemical  and  biomechanical  factors  contribute 
crucial  information  to  tumor  development  and  evolution. 
Integral  to  this  dialogue  is  the  complex  interplay  between 
soluble  factors,  cell-cell  and  cell-ECM  interactions  and  the 
mechanical  environment,  which  cooperatively  drive  tumor 


progression.  Indeed,  we  and  others  have  demonstrated 
that  genetic  and  epigenetic  changes  in  cells  combine  with 
alterations  in  matrix  architecture  and  material  properties, 
propelling  tumor  evolution.  However,  many  questions  link¬ 
ing  biomechanics  and  tumor  progression  still  require  reso¬ 
lution.  Traditional  cell  biology  approaches  might  need 
supplementation  with  techniques  from  materials  science, 
engineering  and  physics.  It  will  be  crucial  to  clarify  the 
molecular  basis  of  mechano-transduction  in  the  develop¬ 
ment  and  progression  of  tumors  to  identify  novel  antican¬ 
cer  therapeutic  targets. 
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Tumor  blood  vessels  are  heterogeneous,  of  at  least  six  distinct  types,  are  induced  primarily  by  vascular  endothelial  growth  factor- A  (VEGF-A), 
and  provide  a  potentially  useful  therapeutic  target.  Breast  cancer  is  characterized  by  changes  in  the  microenvironment  that  result  in  altered 
tensional  homeostasis.  Also,  breast  cancers  arise  as  the  result  of  epigenetic  as  well  as  genetic  changes.  Tumor  blood  vessel  pericytes  result,  in  part, 
from  bone  marrow  precursor  cells,  and  VEGF  is  a  negative  regulator  of  glioblastoma  tumor  cell  invasion. 
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INTRODUCTION 

Like  normal  tissues,  tumors  are  composed  of  two  discrete  but 
interactive  compartments,  parenchyma  and  stroma  [1].  In  tumors,  the 
tumor  cells  themselves  are  the  parenchyma,  whereas  the  stroma  is 
composed  of  a  mixture  of  non-malignant  cells  and  connective  tissue 
elements.  Stromal  elements  include  blood  and  lymphatic  vessels,  as  well 
as  fibroblasts  and  infiammatory  cells.  In  addition,  stroma  includes  a 
variety  of  extracellular  macromolecules  that  serve  to  provide  structural 
support;  these  include  collagen,  fibronectin,  fibrin,  various  proteogly¬ 
cans,  and  hyaluronan.  The  quantities  of  these  different  stromal  cells  and 
extracellular  deposits  differ  widely  in  different  tumors.  For  example,  in 
desmoplastic  tumors,  stroma  may  account  for  >80%  of  the  tumor  mass, 
whereas  in  other  tumors  (e.g.,  many  lymphomas)  stroma  may  account 
for  only  a  tiny  fraction.  Tumor  malignancy  does  not  correlate  closely 
with  the  amount  of  stroma  deposited;  both  highly  and  less  malignant 
tumors  can  possess  abundant  or  limited  amounts  of  stroma.  Nonetheless, 
all  tumors  require  at  least  some  stroma  to  meet  their  needs  of  nutrition, 
waste  removal,  and  structure.  Even  “liquid  tumors,”  that  is,  leukemias, 
have  stroma,  the  blood  plasma  in  which  they  circulate.  Though  long 
neglected,  it  has  become  clear  in  recent  years  that  stroma  is  essential  for 
tumor  maintenance  and  growth  and  has  potential  as  a  therapeutic  target. 
As  one  example,  anti-angiogenic  agents  have  recently  been  found  to 
impede  tumor  growth  and  prolong  survival  when  used  in  adjuvant  mode, 
thus  proving  in  principle  that  attacking  stroma  can  be  a  useful  approach 
to  therapy  [2,3].  Going  forward,  it  is  likely  that  other  approaches  will  be 
used  to  target  tumor  stroma.  Therefore,  it  was  appropriate  to  begin  the 
3rd  International  Symposium  on  Cancer  Metastasis  and  the  Lympho- 
vascular  System  with  a  session  on  the  tumor  microenvironment.  Four 
speakers  addressed  various  aspects  of  tumor  stroma,  as  follows. 

TUMOR  BLOOD  VESSELS:  THE  WHAT,  THE 
HOW,  AND  THE  WHY  (Harold  F.  Dvorak) 

The  tumor  vasculature  is  an  important  component  of  the  tumor 
microenvironment  [1,4].  The  current  view  of  tumor  angiogenesis  can  be 
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summarized  as  follows:  tumors  must  induce  the  formation  of  new  blood 
vessels  if  they  are  to  grow  beyond  minimal  size;  they  do  so  by  secreting 
growth  factors,  particularly  vascular  permeability  factor/vascular 
endothelial  growth  factor- A  (VEGF-A);  the  resulting  tumor  blood 
vessels  are  highly  abnormal;  and  anti-angiogenic  therapy  is  useful  as  an 
adjuvant,  though,  in  general,  its  addition  to  the  therapeutic  armament 
prolongs  life  by  only  a  few  months  [2,3].  Therefore,  it  is  a  good  time  to 
address  some  basic  questions:  What  are  tumor  blood  vessels.  How  do 
they  form,  and  Why  might  their  diversity  be  important  therapeutically? 

What  Are  Tumor  Blood  Vessels? 

While  it  has  long  been  recognized  that  tumor  blood  vessels  are 
abnormal,  angiogenic  blood  vessels  are  often  spoken  of  as  being  of  a 
single  type.  This  is  certainly  not  the  case.  Studies  over  the  last  decade 
have  established  that  angiogenic  tumor  blood  vessels  are  highly 
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TABLE  I.  Classification  of  Angiogenic  TYimor  Blood  Vessels 


Vessel  type 

Vessel  properties 

Mother  vessels 

Capillaries 

Glomeruloid  microvascular 
proliferations  (GMP) 

Vascular  malformations  (VM) 

Large,  thin-walled,  hyperpermeable,  lightly  fenestrated  pericyte-poor  sinusoids  that  are  engorged  with  red  blood  cells 
Resemble  normal  capillaries  as  far  as  is  known 

Poorly  organized  vascular  structures  that  macroscopically  resemble  renal  glomeruli.  They  are  composed  of  endothelial  cells 
and  pericytes  with  minimal  vascular  lumens  and  reduplicated  basement  membranes 

Mother  vessels  that  have  acquired  an  often  asymmetric  coat  of  smooth  muscle  cells  and/or  fibrous  connective  tissue. 
Resemble  arterio-venous  malformations  found  in  other  settings 

heterogeneous  and  can  be  classified  into  at  least  four  structurally  and 
functionally  distinct  types  (Table  I). 

How  Do  Angiogenic  Tumor  Blood  Vessels  Form? 

Tumor  angiogenesis  falls  into  the  general  category  of  pathological 
angiogenesis,  that  is,  the  type  of  neovascular  response  induced  by 
processes  such  as  wound  healing  and  chronic  infiammation  [5].  Further,  it 
has  been  possible  to  induce  surrogate  forms  of  all  of  the  types  of 
angiogenic  tumor  blood  vessels  listed  in  Table  I  by  expressing  VEGF-A 
in  mouse  tissues  with  an  adenoviral  vector  (Ad-VEGF-A^^^)  (Fig.  1).  The 
first  new  blood  vessel  type  to  develop  in  tumors,  as  well  as  in  healing 
wounds  and  chronic  infiammation,  is  the  “mother  vessel”  (MV)  [6,7]. 

MVs  arise  from  preexisting  venules  (and  to  a  lesser  extent  from 
capillaries)  and  their  properties  are  listed  in  Table  I.  The  initial  step  in 
MV  formation  is  degradation  of  venular  basement  membrane  (VBM). 
VBM  are  rigid  structures  comprising  a  tightly  woven  meshwork 
of  type  IV  collagen,  laminin,  entactin,  perlecan,  and  heparan  sulfate. 
VBM  limits  the  expansion  of  the  normal  microvasculature  to  ~30% 
[8],  whereas  MVs  have  lumens  that  are  4-5  times  those  of  the  normal 
vessels  from  which  they  arise.  Therefore,  for  microvessels  to  enlarge  to 
become  MV,  their  VBM  must  be  degraded.  Chang  et  al.  [9]  recently 
confirmed  earlier  observations  that  Ad-VEGF-A^^"^  and  VEGF-A- 
expressing  tumors  induce  VBM  degradation  and  found  that  they  did  so 


by  upsetting  the  normal  cathep sin -cysteine  protease  inhibitor  (CPI) 
balance  [9].  Cathepsins  are  members  of  the  cysteine  protease  family 
and  CPIs  are  a  family  of  small  proteins  that  serve  as  their  endogenous 
inhibitors.  Cathepsins  B,  S,  and  L  were  selectively  upregulated  in  the 
pericytes  of  venules  and  capillaries  as  they  were  developing  into  MV,  a 
process  that  began  within  a  day  or  2  after  Ad-VEGF-A^^^  or  tumor  cell 
injection  into  mouse  tissues.  Over  the  same  time  period,  several  CPIs 
were  strikingly  downregulated,  thus  freeing  cathepsins  from  inhibition. 
On  the  other  hand,  the  activity  of  matrix  metalloproteases  2  and  9, 
proteases  known  to  have  important  roles  in  tumor  biology,  actually 
declined  during  the  course  of  MV  formation.  Together  these  data 
indicate  that  VEGF-A  induces  MV  formation  by  upsetting  the 
cathepsin-CPI  balance  in  preexisting  microvessels. 

Degradation  of  the  VBM  has  two  important  consequences.  First, 
pericytes,  having  lost  their  VBM  substrate,  fall  off,  accounting  for  the 
dearth  of  pericytes  associated  with  MV.  Second,  the  underlying 
endothelium  thins  and  expands  to  cover  a  now  greatly  enlarged  surface 
area.  These  data  indicate  that  the  VBM  and  pericytes  together  serve  as  a 
restraint  that  limits  the  size  of  venules  and  capillaries.  Further,  they 
suggest  that  MV  formation  can  result  from  events  taking  place  entirely 
within  the  microvasculature  itself,  and  that  proteases,  for  example, 
secreted  by  tumor  cells,  are  not  necessary  for  MV  formation.  Remaining 
to  be  determined  is  the  mechanism  by  which  VEGF-A  regulates  the 
cathepsin-CPI  axis. 


Precursor  venule 
Endothelial  cell 

Pericyte 
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Vascular  malformations 
1  week  -  >1  year 


Fig.  1.  Schematic  diagram  of  tumor  angiogenesis.  Reproduced  from  Ref.  [32]. 
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Very  little  is  known  about  the  mechanisms  by  which  MV  evolve 
into  the  other  types  of  angiogenic  blood  vessels  (reviewed  in 
Refs.  [1,4,10]). 

Why  Is  an  Understanding  of  Tumor  Blood  Vessel 
Diversity  Important  Clinically? 

Anti-VEGF  therapy  has  been  found  to  prolong  the  survival  of 
some  cancer  patients,  but  it  has  not  been  as  effective  as  was  originally 
hoped  for,  based  on  studies  in  mouse  cancer  models.  There  are  a 
number  of  possible  reasons  for  this,  for  example,  side  effects  that  limit 
the  use  in  cancer  patients  of  anti-VEGF-A  therapy  at  high  doses; 
vascular  normalization  resulting  from  anti-angiogenic  therapy  [3]; 
neo-expression  of  growth  factors  other  than  VEGF-A,  etc.  However, 
another  largely  neglected  and  potentially  important  possibility  is  that 
the  tumor  vasculature  is  heterogeneous  and  that  certain  of  the  vessel 
subtypes  listed  in  Table  I  have  gained  VEGF-A  independence  and  no 
longer  require  VEGF-A  for  their  maintenance. 

To  test  this  hypothesis,  we  have  used  the  Ad-VEGF-A^^^  system  to 
generate  tumor  surrogate  vessels  of  the  several  types  listed  in  Table  I  in 
mice.  Of  particular  interest  are  vessels  that  arise  at  later  times  as  these 
are  most  likely  to  have  lost  their  VEGF-A  dependence.  Our  goal  is  to 
find  new  molecules  on  the  surfaces  of  the  endothelial  cells  that  line 
such  blood  vessels  and  to  gauge  them  for  therapeutic  potential.  This 
approach  has  been  promising,  and  we  have  recently  identified  one  such 
potential  target,  the  four  transmembranes,  tetraspanin-like  protein, 
TM4SF1  [11].  TM4SF1  is  highly  expressed  on  the  endothelial  cell 
plasma  membranes  of  smooth  muscle  coated  blood  vessels  in  several 
important  human  cancers.  Knockdown  of  TM4SF1  inhibits  division 
and  migration  of  cultured  endothelial  cells  and  causes  them  to  undergo 
senescence.  Also,  knockdown  of  this  gene  in  vivo  inhibited  later  stages 
of  Ad-VEGF-A^^^-induced  angiogenesis.  It  will  be  of  interest  to 
determine  whether  antibodies  under  development  that  target  this  gene 
will  be  therapeutically  effective  in  mouse  and,  more  importantly,  in 
human  cancers. 

BREAST  CANCER  AS  A  DISEASE  OF  ALTERED 
MECHANO-BIOLOGY  (Valerie  M.  Weaver) 

It  has  been  known  for  some  time  that  tumor  and  stromal  cells  talk  to 
each  other  by  secreting  various  cytokines  (e.g.,  TGF-P)  and  other 
biochemical  reagents.  Less  appreciated  is  the  fact  that  tumor  and 
stromal  cells  live  in  a  microenvironment  with  which  they  interact  by 
means  of  mechanical  signaling.  Cells  in  tissues  are  subject  to  a  variety 
of  forces  including  shear  stress  and  compression  and  tension  that  result 
from  their  interaction  with  other  cells  or  with  the  extracellular  matrix. 
These  mechanical  forces  are  perceived  and  integrated  in  the  cell  at  the 
molecular  level  through  mechanically  responsive  sensors.  Changes 
in  these  interactions  may  infiuence  cell  survival,  motility,  division, 
differentiation,  and  gene  expression,  for  example,  by  regulating  the 
activity  of  the  RhoGTPases  that  modulate  actomyosin  contractility  and 
actin  dynamics.  Integrins,  by  virtue  of  their  extracellular  interaction 
with  the  ECM  and  intracellular  interactions  with  the  cellular 
cytoskeleton,  are  prime  examples  of  cellular  mechano-transducers, 
and,  upon  activation,  may  induce  signaling  changes  that  lead  to  the 
formation  of  focal  adhesions  [12,13]  (Fig.  2A).  Thus,  force-dependent 
activation  of  signaling  cascades  allows  cells  to  respond  quickly  to  a 
dynamic  force  environment,  and  the  same  pathways  may  also  lead 
to  sustained  changes  in  cell  behavior,  for  example,  changes  in  gene 
expression,  cell  division,  etc. 

Loss  of  homeostasis  is  a  hallmark  of  disease  and  therefore  it  is  not 
surprising  that  cancers  should  be  characterized  by  changes  in  tensional 
homeostasis.  Tumors  are  often  detected  as  a  palpable  “stiffening”  or 
hardening  of  the  tissue,  and  approaches  such  as  magnetic  resonance 
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Fig.  2.  A:  The  majority  of  integrins  exist  at  the  plasma  membrane  in 
a  resting,  inactive  state  in  which  they  can  be  activated  by  inside-out  or 
outside-in  cues.  With  regard  to  outside-in  activation,  when  cells 
encounter  a  mechanically  rigid  matrix  or  are  exposed  to  an  exogenous 
force,  integrins  become  activated,  which  favors  integrin  oligomeriza¬ 
tion  or  clustering,  talin  1  and  pl30Cas  protein  unfolding,  vinculin- 
talin  association,  and  Src  and  focal  adhesion  kinase  (FAK)  stimulation 
of  RhoGTPase-dependent  actomyosin  contractility  and  actin  remodel¬ 
ing.  Focal  adhesions  mature  with  the  recruitment  of  a  repertoire  of 
adhesion  plaque  proteins,  including  a-actinin  to  facilitate  actin 
association,  and  adaptor  proteins  such  as  paxillin,  which  foster 
interactions  between  multiple  signaling  complexes  to  promote  growth, 
migration  and  differentiation.  B:  Normal  cells  tune  their  contractility  in 
response  to  matrix  stiffness  cues,  but  tumors  exhibit  altered  tensional 
homeostasis.  Cells  exert  actomyosin  contractility  and  cytoskeleton- 
dependent  force  in  response  to  matrix  stiffness  cues.  These  forces  can 
be  measured  using  traction  force  microscopy.  Thus,  non-malignant 
human  mammary  epithelial  cells  spread  more  and  exert  more  force  on 
a  stiff  matrix  than  on  a  soft  matrix.  Reproduced,  with  permission,  from 
Refs.  [12,14]. 


imaging  elastography  and  sono-elastography  have  been  developed  to 
measure  this  property  in  order  to  enhance  cancer  detection.  The 
palpable  stiffening  characteristic  of  breast  and  many  other  cancers  is 
attributed  to  desmoplasia,  the  synthesis  of  abundant  dense  collagenous 
stroma  that  can  occupy  up  to  80%  of  the  tumor  mass. 

The  crucial  role  of  matrix  compliance  can  be  illustrated  by  studies 
in  which  mammary  epithelium  is  grown  in  culture  in  matrices  with 
different  viscoelastic  properties  (Fig.  3)  [14].  When  grown  in  matrices 
comparable  to  those  found  in  normal  breast,  epithelial  cells  proliferate 
until  they  form  polarized  mammary  acinus-like  structures  with  a 
central  lumen  and  an  external  basement  membrane.  However,  when  the 
matrix  is  progressively  stiffened,  epithelial  cell  growth  is  enhanced,  the 
cells  lose  their  polarity,  lose  cell-cell  junction  proteins,  and  exhibit 
irregular  cell  shapes  with  detectable  actin  stress  fibers.  Thus,  focal 
adhesion  is  increased  along  with  increased  adhesion  signaling. 
Together,  the  stiffened  matrix  promotes  epithelial  cell  transformation 
toward  cancer. 


Journal  of  Surgical  Oncology 


4 


Dvorak  et  al. 


Phase 


p-catenin 
p4  integrin 
DAPI 


Phalloidin 

BM 

DAPI 


150  400  675  1050  >  5000 


Elastic  Modulus  (Pa) 

Fig.  3.  Phase-contrast  microscopy  and  confocal  immunofluorescence  images  of  non-malignant  immortalized  human  mammary  epithelial  cell 
(HMEC;  MCFIOA)  colonies  interacting  with  a  three-dimensional  reconstituted  basement  membrane  (BM)-laminated  polyacrylamide  gel  of 
increasing  stiffness  (150-5,000  Pa)  showing  colony  morphogenesis  after  20  days  of  culture.  On  compliant  gels  with  materials  properties  similar 
to  that  measured  in  the  normal  murine  mammary  gland  (150  Pa)  non-malignant  MFCs  proliferate  for  6-12  days  to  eventually  form  growth- 
arrested,  polarized  acini  analogous  to  the  terminal  ductal  lobular  units  observed  at  the  end  buds  of  the  differentiated  breast.  These  structures  have 
intact  adherens  junctions  and  insoluble  cell-cell  localized  P-catenin  before  (main  images)  and  after  (left  inset)  Triton  extraction,  and  polarity,  as 
shown  by  the  basal  localization  of  (a6)  P4  integrin,  the  apical -lateral  localization  of  cortical  actin  (Phalloidin),  and  the  assembly  of  an 
endogenous  laminin  5  basement  membrane.  Incremental  stiffening  of  the  basement  membrane  gel  progressively  compromises  tissue 
morphogenesis  and  alters  EGF-dependent  growth  of  these  cells.  Thus,  colony  size  progressively  increases  with  matrix  stiffening,  lumen  formation 
is  compromised,  cell-cell  junctions  are  disrupted,  as  revealed  by  loss  of  cell-cell-associated  P-catenin  (right  inset),  and  tissue  polarity  is 
inhibited,  as  indicated  by  disorganized  (a6)  P4  integrin  localization  and  loss  of  the  endogenous  laminin  5  basement  membrane.  Interestingly,  actin 
stress  flbers  were  not  observed  in  the  structures  until  the  stiffness  of  the  matrix  reached  5,000  Pa,  as  has  been  observed  in  murine  breast  tumors  in 
vivo.  The  arrows  indicate  loss  of  the  endogenous  basement  membrane  and  disruption  of  basal  polarity.  Reproduced  from  Refs.  [12,14]. 


In  breast  cancer,  tensional  homeostasis  is  greatly  altered.  Breast 
cancers  are  characterized  by  increased  tumor  cell-generated  force, 
increased  compression  force  due  to  the  solid  state  pressure  exerted  by 
the  expanding  tumor  mass,  matrix  stiffening  due  to  the  desmoplastic 
response,  and  increased  interstitial  pressure  due  to  a  leaky  vasculature, 
and  poor  lymphatic  drainage.  Transformed  cells  exhibit  a  vastly 
different  intermediate  filament  profile.  They  also  show  compromised 
mechano-reciprocity  such  that  they  often  exert  abnormally  high  force 
in  response  to  a  compliant  matrix;  as  a  result,  cell -cell  junctions  are 
altered,  tissue  polarity  is  compromised,  and  anchorage-independent 
survival  and  invasion  are  promoted.  The  increased  cell-generated 
forces  exhibited  by  tumor  cells  enhance  their  growth,  survival,  and 
invasion  by  promoting  focal  adhesion  maturation  and  signaling 
through  actomyosin  contractility  (Fig.  2B).  The  increased  contractility 
of  tumor  cells  and  their  associated  stromal  fibroblasts  also  induce 
tension-dependent  matrix  remodeling  to  promote  the  linear  reorienta¬ 
tion  of  collagen  flbers  surrounding  the  invasive  front  of  the  tumor. 

The  expanding  tumor  mass  exerts  compressive  stress  on  the 
surrounding  tissue  extracellular  matrix,  vasculature,  lymphatics,  and 
interstitial  space.  Tumor-associated  compression  stress  can,  in  turn, 
induce  tumor  angiogenesis  by  directly  increasing  expression  of  VEGF- 
A  or  by  indirectly  blocking  the  existing  vasculature  surrounding 
the  tumor  mass  to  induce  hypoxia  and  thus  VEGF-A  expression. 
Compression  also  increases  the  interstitial  pressure  which  may  exceed 
ten  times  that  of  normal  tissue;  this  increased  pressure  induces  the 
accumulation  of  fluid  from  leaky  blood  vessels  and  impedes  lymphatic 
clearance.  Compression  force  can  also  shrink  the  interstitial  space 


surrounding  the  ductal  structures,  thereby  increasing  the  local 
concentration  of  growth  factors  and  cytokines  that  stimulate  tumor 
cell  growth.  These  changes  in  interstitial  pressure  can  also  impede  the 
entry  into  tumors  of  chemotherapeutic  drugs.  In  sum,  tumor  cells  are 
exposed  to  a  myriad  of  altered  mechanical  forces  that  dramatically 
modify  their  behavior  and  these  findings  directly  implicate  matrix 
changes  in  tumor  evolution. 

A  topic  of  great  recent  interest,  and  one  dealt  with  in  greater  detail 
in  Dr.  Tlsty’s  presentation,  is  that  of  the  role  of  breast  density  and 
cancer  incidence.  Patients  with  increased  breast  density,  as  determined 
by  mammography,  have  a  four-  to  sixfold  higher  incidence  of  breast 
cancer.  Dense  breasts  are  characterized  by  increased  collagen  and  other 
extracellular  matrix  components.  Paradoxically,  however,  cancer 
incidence  increases  with  age  whereas  breast  density  typically  declines. 
However,  although  the  postmenopausal  breast  has  reduced  collagen 
that  which  remains  may  have  abnormal  properties  that  promote 
carcinogenesis. 

In  sum,  force  is  a  critically  important  determinant  of  tissue 
development  and  its  study  has  been  much  neglected.  The  ability  of 
cells  to  sense,  respond,  and  adapt  appropriately  to  force  contributes  to 
disease,  and  particularly  to  cancer.  Pathological  changes  in  cells  and 
in  the  architecture,  topology,  and  material  properties  of  the  matrix 
microenvironment  constitute  a  positive  feedback  loop  that  propels 
carcinogenesis.  However,  many  questions  still  need  to  be  resolved. 
Such  questions  include  how  the  unique  material  properties  of  specific 
differentiated  tissues  are  established  and  maintained,  how  cells 
coordinate  their  function  and  adaptation  to  external  cues  in  the 
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microenvironment,  and  how  physical  signals  might  interface  with  and 
modulate  the  activity  of  biochemical  signaling  pathways.  And,  with 
specific  regard  to  cancer:  Does  LOX-dependent  collagen  crosslinking 
stiffen  the  tissue  and  thus  drive  tumor  progression?  Would  inhibiting 
LOX-dependent  collagen  crosslinking  temper  tissue  desmoplasia, 
reduce  mechano-transduction  in  mammary  epithelium,  and  thereby 
reduce  tumor  incidence  and  delay  tumor  progression? 


EPIGENETIC  AND  GENETIC  EVENTS  IN 
TUMOR  PROGRESSION  (Thea  D.  Tlsty) 

It  is  well  known  that  oncogenes  and  repressor  genes  play  an 
important  role  in  carcinogenesis  and  tumor  progression.  Less  attention 
has  been  given  to  epigenetic  events  that  affect  these  processes,  that  is, 
heritable  changes  in  gene  expression  that  occur  without  a  change  in 
DNA  sequence.  Epigenetic  changes  can  result  from  methylation 
of  DNA  or  of  histones  and  from  the  action  of  small  RNAs  (e.g., 
microRNAs,  PIWI  RNAs,  etc.).  The  active  acquisition  of  epigenetic 
changes  is  a  poorly  understood  but  important  process  in  development, 
differentiation,  and  also  in  cancer. 

The  mechanisms  by  which  epigenetic  changes  occur  are  poorly 
understood.  However,  in  recent  years  it  has  become  clear  that  tumor 
cells  live  in  a  stromal  microenvironment  that  is  not  passive,  but  rather 
one  that  can  actively  shape  and  modify  tumor  cell  behavior.  In 
particular,  it  is  well  known  that  tumor  progression  can  be  markedly 
affected  by  the  cells  and  non-cellular  elements  of  the  stromal 
microenvironment  in  which  they  are  embedded.  Signals  sent  to  tumor 
cells  by  the  microenvironment  can  result  in  cell  proliferation  and  in 
DNA  methylation,  centrosome  abnormalities,  telomeric  dysfunction, 
and  altered  gene  expression  [15]. 

Recent  work  has  dealt  with  the  pl6/pRB  signaling  pathway,  a 
pathway  that  regulates  the  cell  cycle  and  that  is  inactivated  in  many 
tumor  cells  [16].  When  this  pathway  is  suppressed,  non-cancerous 
human  epithelial  cells  in  culture  undergo  dynamic  epigenetic 
remodeling  that  results  in  the  targeted  methylation  of  a  selected  group 
of  CpG  islands.  Repression  of  the  pl6/pRB  pathway  in  primary  human 
mammary  epithelial  cells  activated  an  E2F-mediated  increase  in 
proteins  that  remodel  chromatin  and  cause  targeted  de  novo  DNA 
methylation  at  a  non-random  collection  of  loci.  Thus,  repressing  the 
pl6/pRB  pathway  renders  cells  epigenetically  plastic  and  results 
in  DNA  methylation  in  a  deterministic  (predictable)  rather  than  a 
stochastic  (random)  pattern.  Furthermore,  the  coordinated  set  of  de 
novo  DNA  methylation  events  are  preceded  by,  and  dependent  upon, 
the  repression  of  gene  expression.  Thus,  one  can  imagine  that  during 
cancer  progression,  tumor  cells  acquire  epigenetic  plasticity  through 
repression  of  the  pl6/pRB  pathway  via  mutations,  deletions,  or 
methylation,  which  then  provide  the  potential  for  programming 
epigenetic  events.  These  data  show  that  pi 6,  a  commonly  inactivated 
tumor  suppressor  gene,  regulates  DNA  methylation  and  that  epigenetic 
changes  occur  in  preneoplastic  cells.  In  sum,  DNA  methylation  is  an 
active  and  dynamic  process,  and  chromatin  remodeling  and  repression 
precede  and  are  necessary  for  subsequent  DNA  hypermethylation. 
Finally,  loss  of  pl6  confers  epigenetic  plasticity,  a  silencing  of  genes 
important  in  differentiation. 

To  determine  whether  these  findings  were  relevant  to  human  cancer, 
the  authors  looked  for  pi 6- suppressed  cells  in  human  breast  tissue. 
Using  immunohistochemistry,  her  group  found  that  normal  breast 
tissue  from  cancer-free  women  contained  foci  of  pl6-suppressed 
cells,  suggesting  the  presence  of  a  premalignant  program  in  these 
otherwise  healthy  women.  This  exciting  finding  directly  demonstrates 
the  relevance  of  pl6  suppression  to  human  cancer  and  offers  a  new 
marker  of  premalignancy  [17,18]. 

Epithelial-to-mesenchymal  transition  (EMT)  is  a  characteristic 
feature  of  epithelial  cell  tumor  progression.  EMT  has  been  implicated 


in  tumor  recurrence  and  is  often  associated  with  a  poor  prognosis  in 
women  with  breast  cancer.  There  is  now  evidence  demonstrating  a  link 
between  EMT,  basal-like  breast  cancers,  the  stem-cell  phenotype,  and 
the  acquisition  of  tumorigenic  and  metastatic  potential.  EMT  is 
characterized  by  several  molecular  changes  that  include  the  loss  of 
epithelial  markers  such  as  E-cadherin  and  ZO-1,  and  the  induction  of 
mesenchymal  markers  such  as  N-cadherin,  fibronectin,  vimentin,  and 
Snail.  Though  alterations  in  E-cadherin  expression  can  occur  through 
multiple  mechanisms,  including  loss  of  heterozygosity  and  mutational 
inactivation,  E-cadherin  is  frequently  silenced  through  aberrant  DNA 
hypermethylation  of  its  promoter.  Interestingly,  when  E-cadherin  is 
silenced  through  promoter  DNA  hypermethylation,  mammary  cell 
lines  often  exhibit  a  mesenchymal  morphology  through  the  coordi¬ 
nated  induction  of  a  set  of  genes  involved  in  EMT.  In  contrast,  when 
E-cadherin  is  inactivated  by  mutation,  the  cells  continue  to  exhibit 
an  epithelial  morphology,  and  these  genes  are  not  induced  [19].  This 
suggests  that  a  program  of  molecular  alterations  leading  to  EMT, 
invasion,  and  metastasis  can  be  modulated  epigenetically.  EMT 
has  been  shown  to  be  induced  in  murine  cells  by  oncogenic  ras  in 
cooperation  with  factors  in  serum.  There  is  also  evidence  that  exposing 
cells  to  serum  induces  a  gene  expression  pattern  that  resembles  that 
of  a  wounding  response.  This  wound-response  signature  is  strongly 
predictive  of  future  invasive  and  metastatic  behavior,  both  of  which 
require  EMT. 

The  next  step  was  to  determine  whether  immortalized  human 
mammary  epithelial  cells  with  repressed  pl6INK4A  and  expressing 
oncogenic  ras  (vHMEC-ras)  cells  could  be  programmed  by  the 
microenvironment  to  acquire  epigenetic  changes  associated  with 
tumorigenic  phenotypes  such  as  EMT.  vHMEC-ras  cells  were  exposed 
to  high  (10%)  and  low  (0.5%)  concentrations  of  serum.  When  cultured 
in  serum-rich  media,  thought  to  be  typical  of  the  tumor  microenviron¬ 
ment,  human  vHMEC-ras  cells,  like  murine  cells,  underwent 
phenotypic  changes  indicative  of  EMT  [20].  This  morphological 
transition  was  accompanied  by  increased  motility,  increased  expres¬ 
sion  of  fibronectin  and  N-cadherin,  and  reduced  expression  of  E- 
cadherin.  E-cadherin  was  silenced  via  de  novo  promoter  DNA 
methylation.  As  described  for  the  previous  system,  transcriptional 
repression  was  found  to  precede  DNA  hypermethylation.  Also, 
additional  genes  underwent  de  novo  promoter  DNA  hypermethylation, 
including  estrogen  receptor  alpha.  Twist,  and  CST6.  Strikingly,  these 
same  genes  are  hypermethylated  in  human  basal-like  breast  cancers 
that  exhibit  mesenchymal  phenotypes  and  are  associated  with  a  poor 
prognosis  but  not  in  human  luminal  A,  luminal  B,  etc.  cancers. 

In  sum,  these  data  indicate  that  cultured  human  cells  can  be 
programmed  by  their  microenvironment  to  undergo  phenotypic  and  gene 
expression  changes  associated  with  epigenetic  alterations  important  in 
human  tumor  progression.  They  further  indicate  that  cultured  cells  can 
provide  valuable  tools  to  elucidate  malignant  cell  properties  that  are 
applicable  to  human  cancer  patients.  A  goal  for  the  future  is  to  use  this 
information  to  create  tools  that  address  clinical  questions,  such  as  the 
development  of  prognostic  biomarkers  and  therapeutic  targets. 

NOVEL  FUNCTIONS  OF  VEGF  AND 
PDGF  SIGNALING  CIRCUITS  IN  TUMOR 
ANGIOGENESIS  AND  INVASION 
(Gabriele  Bergers) 

Dr.  Bergers  presented  work  on  two  topics.  The  first  dealt  with  the 
recruitment  of  pericyte  progenitor  cells  from  bone  marrow  and  their 
differentiation  into  more  mature  pericytes  in  tumor  blood  vessels.  By 
way  of  background,  the  normal  microvasculature  is  composed  of  two 
types  of  cells,  endothelial  cells  (the  cells  lining  the  blood  vasculature) 
and  pericytes,  cells  that  surround  and  tightly  envelop  endothelial  cells. 
Pericytes  are  thought  to  be  necessary  for  the  health  of  endothelial  cells 
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and  so  of  the  blood  micro  vasculature  [21,22].  Tumors,  however, 
include  many  blood  vessels  that  lack,  or  have  a  reduced  coating  of 
pericytes,  for  example,  MVs  (see  Dvorak  presentation  and  Table  I). 
Further,  treating  mice  bearing  the  RiplTag2  tumor  at  later  stages  of 
growth  with  imatinib,  a  tyrosine  kinase  inhibitor  that  binds  to  the 
PDGF  receptor  (PDGFR)  succeeded  in  regressing  tumor  vessels  by 
causing  pericytes  to  detach.  These  data  emphasize  the  importance  of 
pericytes  in  maintaining  the  tumor  vasculature.  However,  the  nature 
and  source  of  tumor  vessel  pericytes  have  been  little  investigated.  To 
address  this  question,  the  Bergers  lab  observed  that,  as  in  the 
developing  vasculature,  PDGFRP+  cells  enveloped  the  blood  vessels 
of  RiplTag2  tumors  and  that  the  PDGF  ligands  B  and  D  for  PDGFRP 
were  expressed  by  tumor  endothelial  cells  [23].  This  suggested  that  a 
paracrine  communication  pathway  between  pericytes  and  endothelial 
cells  might  be  operative  in  tumors,  as  in  normal  vascular  development. 
Mature  pericytes  are  known  to  express  additional  markers,  namely, 
NG2,  aSMA,  and  desmin.  However,  in  tumors,  not  all  tumor  PDGFRP 
vessel  enveloping  cells  bore  these  mature  pericyte  markers.  Flow 
cytometry  and  immunohistochemical  studies  revealed  three  distinct 
types  of  such  cells:  PDGFRP+NG2—  cells,  PDGFRP+NG2+  cells, 
and  PDGFRP— NG2+  cells.  Thus,  in  RiplTag2  tumors,  only  a  subset 
of  PDGFRP+  pericytes  expressed  mature  pericyte  markers  and  a 
subset  of  mature  pericytes  did  not  express  detectable  levels  of 
PDGFRP  likely  reflecting  distinct  differentiation  stages.  Indeed, 
further  work  demonstrated  that  PDGFRP  NG2—  cells  represent  a 
population  of  progenitor  pericytes,  some  of  which  are  recruited  from 
the  bone  marrow  and  bear  markers  (e.g..  Seal,  CD45)  characteristic  of 
hematopoietic  stem  cells  [23].  When  PDGFRP  cells  were  mixed  with 
endothelial  cells  in  three-dimensional  cultures,  endothelial  cells 
formed  tubes  with  pericytes  attaching,  particularly  at  branch  points. 
In  addition,  these  pericytes  differentiated,  acquiring  markers  of  mature 
pericytes  (NG2,  aSMA,  and  desmin).  These  studies  demonstrated  that 
tumor  blood  vessel  pericytes  derive,  at  least  in  part  from  hematopoietic 
bone  marrow  progenitors  and  that  progenitor  pericytes  undergo 
maturation  when  apposed  to  endothelial  cells.  Part  of  the  maturation 
effect,  but  only  that  leading  to  aSMA  expression,  could  be  replicated 
by  exposing  pericyte  progenitors  to  TGF-p. 

A  second  series  of  studies  demonstrated  that  VEGF  is  a  negative 
regulator  of  cell  invasion  in  the  case  of  glioblastoma  multiforme 
(GBM),  rapidly  growing  and  highly  aggressive  grade  IV  astrocytomas 
(brain  tumors)  [24].  GBM  are  characterized  by  zones  of  necrosis  and 
hypoxia  and,  as  a  result,  typically  express  high  levels  of  HIF-1  and 
downstream  angiogenic  factors  such  as  VEGF,  angiopoietin-2, 
and  SDF-la  [25-27].  They  disrupt  the  blood-brain  barrier  and  are 
characterized  by  extensive  edema  and  an  influx  of  inflammatory  cells. 
GBM  spread  with  several  distinct  dispersion  patterns:  subpial  spread, 
white  matter  inflltration,  perivascular  spread,  and  ventricular  spread. 

To  investigate  the  functional  signiflcance  of  hypoxia  and  angiogen¬ 
esis  in  astrocytoma  progression,  initial  studies  were  performed  with 
transformed  astrocytes  genetically  engineered  from  murine  primary 
culture  astrocytes  in  which  the  hypoxia-responsive  transcription  factor 
HIF-1  a  or  its  target  gene,  the  angiogenic  factor  VEGF,  was  deleted 
[28].  Genetic  deletion  of  VEGF  blocked  tumor  angiogenesis  and 
increased  vascular  cell  apoptosis,  but,  paradoxically,  increased  tumor 
invasion.  When  HIF-1  a  was  knocked  out  in  GBM  cells,  the  new 
vessels  that  formed  remained  slim  and  regularly  shaped,  more  closely 
resembling  those  of  the  normal  brain  vasculature.  However,  HIF-1  ak/o 
GBM  adapted  to  their  inability  to  grow  new  blood  vessels  by  co-opting 
and  moving  along  preexisting  blood  vessels,  a  phenomenon  described 
as  perivascular  spread,  and  were  actually  more  invasive  than  wild-type 
GBM  cells  [28]. 

Matrix  metalloproteases  (MMP),  a  large  family  of  zinc-dependent 
endopeptidases,  have  been  implicated  in  many  aspects  of  tumor  growth 
and  progression.  Of  these,  MMP-2  has  been  particularly  implicated  in 
tumor  angiogenesis.  To  investigate  the  role  of  MMP-2  in  GBM  tumor 


cell  survival  and  invasion,  genetically  engineered  MMP-2  knockout 
GBM  cells  were  prepared  and  their  growth  properties  studied  in  MMP- 
2  knockout  (k/o)  mice  [29].  Wild-type  GBM  cells  grew  as  invasive, 
highly  angiogenic  tumors  with  a  leaky,  tortuous  vasculature  and  with 
hypoxic  centers.  In  contrast,  GBM-MMP-2k/o  cells  developed  a 
markedly  increased  vasculature.  Paradoxically,  however,  the  tumor 
cells  grew  slower  and  were  more  prone  to  apoptosis  and  the  mice 
exhibited  a  longer  mean  survival  time.  Apparently  the  dense  and  highly 
branched  network  of  tumor  blood  vessels  induced  by  these  cells  were 
not  able  to  support  tumor  growth.  In  support  of  this  hypothesis,  tumor 
vessels  exhibited  substantially  less  VEGFR-2,  pericytes  were  greatly 
reduced,  and  vessels  were  poorly  perfused.  Also,  the  pattern  of  tumor 
cell  invasion  was  different  in  the  absence  of  MMP-2.  MMP-2k/o  GBM 
grew  more  diffusely  by  migrating  along  preexisting  blood  vessels  into 
the  brain  parenchyma,  a  pattern  also  observed  when  both  HIF-1  and 
VEGF  defleient  GBM  were  implanted  in  brain  (such  tumors  did  not 
induce  proper  neovascularization).  Apparently,  MMP-2  acts  as  a 
negative  regulator  of  vascular  patterning  and  angiogenesis  in  GBM. 
Investigating  the  mechanisms  for  these  flndings,  HIF-1  a  expressed  by 
GBM  cells  was  found  to  induce  SDFla,  and,  in  this  way  recruit  bone 
marrow-derived  CD45+  myeloid  cells  containing  Tie2+,  VEGFR1+, 
CDllb+,  and  F4/80+  subpopulations,  as  well  as  endothelial  and 
pericyte  progenitor  cells  to  promote  neovascularization  [29].  Further, 
MMP-9  activity  of  bone  marrow  derived  CD45+  cells  was  found  to  be 
sufficient  and  essential  to  initiate  angiogenesis  by  increasing  VEGF 
bioavailability  (releasing  it  from  its  bound  state  to  matrix  or  cells). 
Conversely,  in  the  absence  of  HIF-1  a,  SDFla  levels  decreased  and 
fewer  bone-marrow-derived  cells  were  recruited  to  tumors,  thus 
decreasing  MMP-9  and  mobilization  of  VEGF. 

Finally,  it  was  found  that  VEGF  is  a  direct  and  negative  regulator  of 
tumor  cell  invasion  [29].  VEGF  reduced  the  ability  of  VEGFR- 
expressing  GBM  cells  to  migrate  and  invade  in  vitro  and  in  vivo.  When 
VEGF  activity  was  impaired,  tumor  cells  invaded  deep  into  the  brain  in 
the  perivascular  compartment.  Further  support  for  this  flnding  has 
come  from  studies  in  which  tumors  were  subjected  to  anti- angiogen¬ 
esis  therapies  aimed  at  targeting  the  VEGF  pathway.  GBM  and 
RiplTag2  tumors  treated  with  tyrosine  kinase  inhibitors  targeting 
VEGFR-2  showed  initial  vascular  dropout  and  tumor  stasis,  only  to  be 
followed  by  a  tumor  adaptive-evasive  response,  mediated  by  other 
growth  factors  such  as  flbroblast  growth  factor  and  leading  to 
augmented  invasion  and,  in  some  cases,  dissemination  and  distant 
metastasis  [30,31].  Obviously  these  flndings  in  animal  models  have 
implications  for  treating  cancer  patients  with  anti- angiogenic  drugs, 
and  particularly  those  targeting  the  VEGF  pathway. 
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Cross-linking  of  type  I  collagen  is  important  in  leading  to  tissue  stiffening  and  collagen 
metabolism  in  breast  cancer.  We’ve  shown  breast  cancer  progression  is  strongly  correlated  with 
increased  tissue  stiffness  and  collagen  remodeling:  this  ECM  stiffness  regulates  cell 
proliferation,  survival  and  polarity  via  integrin  mediated  focal  adhesion  maturation  and  cell¬ 
generated  force  in  3D  culture  models  and  in  MMTV-Her2/Neu  tumor  malignant  transformation. 
We  now  ask  if  matrix  remodeling  affects  tumor  formation,  tumor  stromal  cell  activation  at 
specific  stages  of  the  highly-penetrant  MMTV-PyMT  mouse  model.  PyMT  activates  Ras,  Src 
and  PI3K  signaling  pathways  at  different  tumor  stages,  which  allows  us  to  ask  and  test  if  matrix 
mechanics  have  specific  roles  at  different  tumor  stages.  To  test  our  hypothesis,  we  inhibited 
Lysyl  oxidase  mediated  collagen  I  cross-linking  (beta-aminopropion,  BAPN)  in  MMTV-PyMT 
mice  at  different  ages,  followed  the  tumor  growth  and  tissue  stiffness  (mammary  gland  and 
lung)  for  2,  4,  6,  8  weeks.  We  obtained  high  resolution  quantification  of  tumor  stiffness  in  vivo 
(~mm  lesion)  with  a  novel  tissue  diagnostic  probe;  and  performed  various  imaging  and 
biochemical  analysis  to  assess  collagen  cross-linking,  signaling  pathways  and  cell  types 
involved  in  tumor  development.  Our  results  showed  that  tissue  stiffness  starts  increasing  at 
hyperplastic  stage  and  continues  increasing  as  tumor  progresses;  BAPN  treatment  delays 
tissue  stiffening,  stromal  cell  activation  and  tumor  progression  and  lung  metastasis.  We  also 
found  that  primary  tumors  are  affected  when  collagen  cross-linking  is  inhibited  at  very  early 
stage  of  tumorigenesis;  and  tumor  metastasis  is  affected  when  collagen  cross-linking  is  inhibited 
at  late  stages.  These  results  suggest  that  collagen  cross-linking  and  matrix  stiffening  may  alter 
the  recruitment  and  activation  of  different  stromal  cells  required  for  tumor  formation  and  tumor 
metastasis.  Based  on  our  previous  results  that  tissue  stiffness  induced  mechano-sensing  and 
cross-talked  with  ErbB2  signaling  pathway  at  PI3K  level  in  MMTV-Her2/Neu  model,  we  will  test 
if  signal  pathways  activated  by  PyMT  are  specifically  collaborated  with  collagen  modification 
and  involved  in  tumor  formation  in  PyMT  models.  These  studies  together  will  show  that  collagen 
cross-linking  and  tissue  stiffness  modulate  multiple  stages  of  cancer  progression,  and  help  us 
understand  how  mechano-sensing  and  mechano-transduction  play  roles  in  breast  cancer 
progression. 
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Flistorically,  cancer  research  has  focused  on  understanding  the  genetic  and  biochemical 
regulation  of  tumor  progression  while  the  biomechanical  influences  have  only  recently  been 
studied.  Clear  evidence  has  emerged  indicating  that  mechanical  forces  are  closely  associated 
with  tumor  progression.  In  fact,  biomechanical  cues  are  integrated  with  biochemical  and  genetic 
cues  at  every  step.  To  elucidate  the  role  of  biomechanical  cues  we  have  been  studying  the 
relationship  between  collagen  remodeling  and  lysyloxidase  (LOX)-dependent  collagen  cross- 
linking  in  breast  tumor  progression.  We  have  shown  that  breast  transformation  is  accompanied 
by  elevated  levels  LOX,  collagen  I  deposition,  and  significant  collagen  cross-linking  as  well  as  a 
pronounced  stiffening  of  the  breast  and  its  surrounding  extracellular  matrix.  Consistent  with  an 
increase  in  mechano-signaling,  breast  stromal  cells  and  the  mammary  epithelium  showed 
elevated  levels  of  focal  adhesions  and  enhanced  integrin  signaling.  Subsequent  studies 
demonstrated  that  increasing  collagen  cross-linking  stiffened  the  extracellular  matrix  and 
disrupted  mammary  morphogenesis  and  promoted  the  invasion  of  a  premalignant  transformed 
mammary  epithelium  in  culture  and  induced  invasive  breast  cancer  in  vivo.  To  investigate  how 
micro-environment  stiffness  may  affect  progression  in  human  breast  tumors,  atomic  force 
microscopy  (AFM)  was  used  to  probe  the  mechanical  properties  of  tissue  from  patients 
diagnosed  with  various  stages  of  breast  cancer.  Using  this  technique  we  were  able  to  assess 
the  elastic  modulus  of  the  tissue  focusing  on  the  border  between  the  tumor  epithelium  and  the 
surrounding  stroma.  Preliminary  data  indicates  that  the  extracellular  matrix  surrounding  tumors 
have  varying  stiffness.  These  stiffer  areas  may  be  predictive  of  tumor  type  and  invasiveness. 
Coupling  these  results  with  immunohistochemistry  we  will  determine  the  nature  of  these 
mechanically  distinct  regions  by  drawing  a  correlation  between  stiffness  and  collagen  cross- 
linking  with  localization  of  LOX.  We  will  also  determine  how  the  tumor  epithelium  responds  to 
mechanical  cues  by  examining  integrin  activation  and  stress  fiber  formation. 
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Understanding  the  role  that  mechanical  force  plays  in  regulating  the  transition  of  mammary 
tumor  epithelium  to  malignancy  in  vivo  is  necessary  in  light  of  the  expanding  range  of  cellular 
processes  that  mechanical  cues  regulate  in  vitro.  Here  we  explore  the  contribution  of  a  variety 
of  distinct  tissue  elements,  including  the  tumor  epithelium,  vasculature  and  the  extracelluar 
matrix  (ECM),  to  overall  tissue  stiffness  as  the  mammary  gland  transforms  from  normal  to 
malignant.  We  utilize  atomic  force  microscopy  (AFM)  in  conjunction  with  transgenic  CFP 
fluorescent  labeling,  contrasting  fluorescent  labeling  of  the  vasculature  and  a  modified  novel 
AFM  in  situ  approach  to  explore  the  nature  of  the  tumor  biomechanical  landscape  in  the 
relevant  MMTV-PyMT  transgenic  mouse  model  of  breast  cancer.  We  find  that  the  breast 
epithelium,  the  adjacent  ECM  and  the  tumor-associated  vasculature  all  contribute  to  the 
increase  in  tissue  rigidity  observed  during  malignant  progression.  Importantly,  by  combining 
AFM  mechanical  characterization  with  traditional  pathological  examination,  we  note  that  ECM 
stiffening,  mediated  by  an  increase  in  collagen  fiber  deposition  and  altered  fiber  diameter,  was 
the  most  consistent  and  sensitive  biomechanical  gauge  and  correlated  best  with  tumor 
progression  to  malignancy.  Furthermore,  ECM  stiffness  and  the  associated  collagen  topology 
correlate  well  with  tumor  invasive  fronts. 
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Metastatic  progression  of  breast  cancer  depends  on  tumor  cells  invading  into  the  surrounding 
extracellular  matrix  (ECM),  migrating  to  nearby  blood  vessels  and  lymphatics  and  then 
metastasizing  and  colonizing  distant  tissues.  While  much  is  known  about  the  biochemical  basis 
of  tumor  invasion,  little  is  known  about  the  role  of  biophysical  cues  to  this  process.  Accordingly, 
we  have  begun  an  intensive  study  of  how  biomechanical  and  biochemical  signals  synergize  to 
regulate  tumor  cell  invasion  with  the  ultimate  goal  of  assisting  with  tumor  prognosis  and 
therapies  aimed  at  curing  this  disease.  In  this  respect,  we  have  developed  new  approaches  to 
explore  the  interplay  between  ECM  topology  and  stiffness  on  breast  tumor  cell  phenotype, 
motility  and  invasive  behavior  in  tunable  3D  scaffolds.  We  have  been  using  chemically-modified 
silks  in  which  fibril  diameter,  ligand  composition,  ECM  concentration,  topology  and  tension  can 


be  accurately  tuned  and  defined  while  still  amenable  to  cell  remodeling.  We  use  fluorescently- 
tagged  transgenic  breast  epithelial  cells,  topologically  and  tension-defined  discontinuous  3D 
ECMs  and  spinning  disc  confocal  microscopy  imaging  to  monitor  the  interplay  between  a  pre- 
malignant  mammary  tissue  structure  and  a  continuously  evolving  anisotropic  ECM.  We  are 
using  these  discontinuous  topologically  and  tension-defined  ECMs  and  real  time  imaging  of 
breast  tumor  invasion  to  assess  the  role  of  ECM  remodeling  on  breast  cancer  metastasis  in 
transgenic  animals  and  clinical  specimens. 
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Tumors  are  characteristically  stiffer  than  normal  tissue  and  changes  to  the  extra  cellular  matrix 
(ECM)  contribute  to  this  phenotype.  Previously,  we  investigated  the  relationship  between 
collagen  remodeling  induced  by  lysyl  oxidase  (LOX),  a  collagen  cross-linking  protein,  and  breast 
tumor  progression  in  mice  (Levental,  et  a!.,  Cell  2009).  These  studies  demonstrated  that 
increased  collagen  cross-linking  stiffened  the  ECM,  disrupted  mammary  morphogenesis, 
promoted  the  invasion  of  a  premalignant  transformed  epithelium  in  culture  and  induced  invasive 
breast  cancer  in  vivo.  In  the  current  study  we  determined  whether  malignant  progression  of 
human  breast  cancer  is  associated  with  collagen  cross-linking  and  tissue  stiffening  and  if  so 
whether  this  could  contribute  to  tumor  progression.  Towards  this  goal,  a  cohort  of  patients 
samples  have  been  assembled  that  represent  normal,  benign,  early  non-invasive  lesions  and 
invasive  breast  tumors.  Each  sample  has  been  stained  using  H&E  to  identify  the  tumor  margins 
and  atomic  force  microscopy  (AFM)  is  being  used  to  measure  force  maps  adjacent  to  and 
surrounding  the  invasive  tumor  edge.  Preliminary  results  indicate  that  tumor  edges  are  stiffer 
(approximately  0.5-2  KPa)  than  the  surrounding  tissue.  Moreover,  data  suggest  that  tumors 
exhibit  2-4  fold  higher  rigidity  in  the  region  adjacent  to  and  that  projects  into  the  stroma.  To 
explore  the  physiological  basis  for  these  findings  we  have  been  conducting 
immunohistochemical  analysis  of  extracellular  matrix  deposition  and  modification.  Studies 
suggest  malignant  transformation  is  accompanied  by  elevated  deposition  and  linearization  of 
collagen  and  increased  expression  of  LOX.  These  results  demonstrate  the  feasibility  of 
obtaining  high  resolution  AFM  maps  of  human  breast  cancer  tissue  and  implicate  ECM 


remodeling  and  stiffening  in  tumor  progression.  Because  we  noted  significant  orientation  of 
collagen  fibers  and  orientated  stiffness  regions  our  findings  imply  ECM  stiffness  could  foster 
tumor  progression  by  promoting  the  directed  invasion  of  tumor  cells  into  the  stroma  in  a  process 
termed  durotaxis. 

a5|31  Integrin-Fibronectin  interactions  mediate  force  response  of  cells  to  the 
microenvironment 

J.  I.  Lopez\  Y.  Miroshnikova^’ \  L.  Cassereau^’\  J.  Lakins\  V.  Weaver^’ 

^Surgery,  UCSF,  San  Francisco,  CA,  United  States.  ^Bioengineering,  UCSF,  San  Francisco, 

CA,  United  States.  ^Anatomy,  UCSF,  San  Francisco,  CA,  United  States. 

The  importance  of  biomechanics  in  breast  cancer  progression  is  slowly  becoming  appreciated. 
Nevertheless,  the  molecular  mechanisms  whereby  mechanical  cues  modulate  cellular 
mechano-signaling  to  promote  tumor  progression  remain  ill-defined.  We  identified  fibronectin 
(FN)-ligated  a5(31  integrin  as  a  specific  regulator  of  cellular  mechano-responsiveness  and  tumor 
progression.  We  observed  a  specific  increase  in  the  expression  and  activity  of  a5  integrin  in 
mammary  epithelial  cells  (MECs)  in  response  to  oncogenic  transformation.  Gain  of  function  and 
loss  of  function  organotypic  culture  assays  showed  that  a5pi  integrin-fibronectin  and  not  a2pi 
integrin-collagen  interactions  significantly  enhance  cell  growth  and  survival,  disrupt  tissue 
polarity,  perturb  cell-cell  adhesions  and  compromise  basement  membrane  integrity.  Xenograft 
manipulations  and  co  culture  assays  demonstrated  that  fibronectin-ligated  a5pi  integrin 
promotes  tumorigenesis  and  enhances  angiogenesis.  Upon  further  investigation  we  noted  that 
fibronectin-ligation  of  a5p1  integrin  significantly  increases  breast  cell  migration  and  invasion  and 
that  this  effect  is  potentiated  when  extracellular  matrix  (ECM)  tension  is  higher.  Indeed, 
fibronectin-ligated  a5pi  showed  greatly  enhanced  gel  contractility  and  stronger  traction  forces 
than  collagen-ligated  a2pi  integrin.  Experiments  using  polyacrylamide  gels  with  tuned  gradients 
of  ECM  stiffness  revealed  that  fibronectin-ligated  a5pi  integrin  fosters  faster  and  more 
persistent  cell  migration  than  collagen-ligated  a2p1  integrin.  ,  Collectively,  these  observations 
suggest  a5pi  integrin-fibronectin  interactions  play  a  key  role  in  breast  tumor  progression 
through  their  ability  to  sense  and  transduce  mechanical  cues.  The  findings  also  illustrate  the 
dynamic  interplay  between  oncogenic  transformation  and  biochemical  and  biophysical  aspects 
of  the  tissue  microenvironment  in  tumorigenesis. 
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Survival  of  single  non-spread  cells  in  a  three  dimensional  (3D)  environment  is  crucial  in  the 
formation  of  embryonic  bodies,  during  differentiation  and  dissemination  of  isolated  tumor  cells. 
However,  information  about  the  molecular  mechanisms  regulating  cell  survival  have  largely 
been  deduced  by  studying  the  behavior  of  spread  cells  on  two  dimensional  (2D)  matrices.  To 
clarify  how  non-spread  cells  might  survive  within  a  3D  microenvironment,  we  assessed  the 
effect  of  cell  shape  and  matrix  spreading  and  integrin-dependent  adhesion  on  the  survival  of 
isolated  mammary  epithelial  cells  (MECs)  in  2D  versus  3D.  We  showed  that  MEC  viability  is 
sustained  by  laminin  ligation  of  6  4  integrin  and  Rac-dependent  Pak  activity  in  round,  non¬ 
spread  MECs  in  3D  independent  of  ligand  concentration,  but  not  in  2D.  Conversely,  we 
determined  that  laminin-dependent  growth  and  survival  of  MECs  depends  upon  1  integrin 
ligation  and  ERK  and  PI3Kinase  activity  in  spread  MECs  in  2D,  but  not  in  3D.  Such  differential 
survival  mechanisms  could  be  attributed  to  enhanced  GTP  loading  of  Rac  and  Arf6  and  reduced 
Rac-dependent  ROS  and  MMP  activation  in  3D.  Experiments  revealed  that  elevated  Arf6 
GTPase  activity  promotes  MEC  survival  by  enhancing  Rac-Pak  signaling  and  reducing  Rac- 
NADPH-ROS  production.  Studies  are  in  progress  to  determine  GEFs  and  GAPs  involved  in  Arf6 
activation  and  to  test  whether  matrix  presentation  could  modulate  Arf6-dependent  cell  fate  by 
influencing  membrane  curvature,  protein  trafficking  oractin  remodeling. 
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Metastatic  progression  of  breast  cancer  depends  on  tumor  cells  invading  into  the  surrounding 
extracellular  matrix  (ECM),  migrating  to  nearby  blood  vessels  and  lymphatics  and  then 
metastasizing  and  colonizing  distant  tissues.  While  much  is  known  about  the  biochemical  basis 
of  tumor  invasion,  little  is  known  about  the  role  of  biophysical  cues  to  this  process.  Accordingly, 
we  have  begun  an  intensive  study  of  how  biomechanical  and  biochemical  signals  synergize  to 
regulate  tumor  cell  invasion  with  the  ultimate  goal  of  assisting  with  tumor  prognosis  and 
therapies  aimed  at  curing  this  disease.  In  this  respect,  we  have  developed  new  approaches  to 
explore  the  interplay  between  ECM  topology  and  stiffness  on  breast  tumor  cell  phenotype, 
motility  and  invasive  behavior  in  tunable  3D  scaffolds.  We  have  been  using  chemically-modified 
silks  in  which  fibril  diameter,  ligand  composition,  ECM  concentration,  topology  and  tension  can 
be  accurately  tuned  and  defined  while  still  amenable  to  cell  remodeling.  We  use  fluorescently- 
tagged  transgenic  breast  epithelial  cells,  topologically  and  tension-defined  discontinuous  3D 
ECMs  and  spinning  disc  confocal  microscopy  imaging  to  monitor  the  interplay  between  a  pre- 


malignant  mammary  tissue  structure  and  a  continuously  evolving  anisotropic  ECM.  We  are 
using  these  discontinuous  topologically  and  tension-defined  ECMs  and  real  time  imaging  of 
breast  tumor  invasion  to  assess  the  role  of  ECM  remodeling  on  breast  cancer  metastasis  in 
transgenic  animals  and  clinical  specimens. 


Engineering  strategies  to  recapitulate  epitheiiai  morphogenesis  in  synthetic  3 
dimensional  matrix  with  tunable  mechanical  properties. 
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The  mechanical  properties  (i.e.  stiffness)  of  the  extracellular  matrix  (EC)  influence  cell  fate  and 
tissue  morphogenesis  and  contribute  to  disease  progression.  Nevertheless,  our  understanding 
of  the  mechanisms  by  which  ECM  rigidity  modulates  cell  behavior  and  fate  remains 
rudimentary.  While  a  number  of  two  and  three  dimensional  (2D  and  3D)  systems  have  been 
used  to  explore  the  effects  of  mechanical  properties  of  the  ECM  on  cell  behaviors,  these 
systems  are  typically  limited  by  a  lack  of  independent  control  of  stiffness,  fiber  architecture,  and 
adhesivity.  Towards  addressing  this  goal,  biologically  compatible  systems  are  needed  in  which 
ECM  stiffness  can  be  modulated  independently.  Here  we  describe  the  use  of  ECM-adsorbed 
synthetic  self-assembling  peptide  gels  (SAPs;  Puramatrix)  to  recapitulate  normal  epithelial  acini 
morphogenesis  and  gene  expression  in  a  3D  context.  Due  to  the  viscoelastic  range  of  these 
SAP  gels  and  their  ability  to  recreate  native  ECM  fibril  topology  we  were  able  to  reconstitute  a 
tumor-like  behavior  and  gene  expression  phenotype  in  mammary  epithelial  cells  while 
simultaneously  maintaining  constant  ligand  density  and  pore  size.  Accordingly,  this  SAP  system 
presents  the  first  tunable  system  capable  of  rigorously  and  independently  assessing  the 
interplay  between  ECM  stiffness  and  cellular  behavior  in  a  3D  context. 


